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Executive Summary 


Conceptual Design of a Thermal Control ^stem 
for an Inflatable Limar Habitat Module 

NASA is con sidering the establishment of a manned lunar base 
within the next few decades. To house and protect the crew from the harsh 
lunar environment, a habitat is required. A proposed habitat is an 
spherical, inflatable module. Heat generated in the module must be 
rejected to maintain a temperature suitable for human habitation. This 
report presents a conceptual design of a thermal control system for an 
inflatable lunar module. The design solution includes heat acquisition, 
heat transport , an d heat rejection subsystems. 

The report discusses alternative designs and design solutions for 
each of the three subsystems mentioned above. Alternative subsystems for 
heat acquisition jnclude a single water-loop, a single air-loop, and a double 
water-loop. T he v apor compression cycle, vapor absorption cycle, and metal 
hydride adsorption cycle are the three alternative transport subsystems. 
Alternative rejection subsystems include flat plate radiators, the liquid 
droplet radiator, and reflux boiler radiators. Feasibility studies on 
alternatives of each subsystem showed that the single water-loop, the vapor 
compression cycle, and the reflux boiler radiator were the most feasible 
alternatives. 

The design team combined the three subsystems to come up with an 
overall system design. Methods of controlling the system to adapt it for 
varying conditionF within the module and in the environment are 
presented. Finally, the report gives conclusions and recommendations for 
further study of thermal control systems for lunar applications. 
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L Introduction 


Following the success of the manned space flight program, one of the 
next goals of the National Aeronautics and Space Administration (NASA) 
is to establish a manned lunar base. To achieve this goal, NASA has tasked 
space system contractors and consultants to investigate various scenarios 
for the establishment of this base. The Universities Space Research 
Association (USRA) is one such consultant. 

USRA is a consortium of 45 universities established by the National 
Academy of Sciences [1]. In conjunction with NASA, USRA has 
established the NASA/USRA University Advanced Design Program. There 
are three primary goals of this program. First, to foster engineering design 
education in US universities. Second, to supplement NASA's in-house 
advanced mission efforts. Finally, to promote interest among engineering 
students in the space program. 

Through the Mechanical Engineering Design Projects Program at 
The University of Texas at Austin, USRA and NASA have suggested 
several design projects for the manned lunar base. One suggested project 
for the Fall 1991 semester is the design of a Thermal Control System (TCS) 
for an Inflatable Lunar Habitat Module. This rejwrt presents a conceptual 
design of this system. 

This report contains four main sections. First, background 
information on the limar mission and design problems associated with 



thermal control on the Ivinar surface are discussed. The design criteria, 
project requirements, and design methodology are also presented in this 
section. In the second section, alternative designs for subsystems of the 
TCS are presented. The third section contains the feasibility study and 
decision matrices employed to select the best alternative design for each 
component of the TCS. In the final section of the report, a conceptual 
design solution of the TCS is presented . 

1.1 Background Information 

1.1.1 Manned Lunar Base Mission. NASA has a long range goal of 
constructing a fully equipped, manned limar base on the near side of the 
moon by the year 2015. The proposed lunar outpost mission will consist of 
three phases: emplacement, consolidation, and utilization. The 
emplacement phase, to be completed by the year 2003, places a habitat with 
one year life supjwrt capabilities on the moon. Along with the initial 
habitat, the emplacement phase delivers laboratories, airlocks, and any 
required life support systems. The consolidation phase, to be completed by 
2010, will expand the existing habitat. The expanded habitat will contain 
crew quarters, science laboratories, medical facilities, and other facilities 
necessary for long duration missions. Finally, in the utilization phase, 
crew members will conduct experiments on the moon [2]. 

NASA has proposed the use of a spherical, inflatable module for the 
habitat [3]. Various designs for this module have been suggested. One 
such design is shown in Figure 1. This modvile is divided into five levels. 
Each level is designated for specific activities. About one-third of the 
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module is buried in the lunar surface and the rest is covered with a 
radiation shield. The radiation shield is made of limar soil called regolith 
[2]. Apart from protecting the inhabitants from harmful cosmic radiation, 
the shield acts as a means of passive thermal control. Heat transfer 
between the module and the environment is minimized by the shield. 
Consequently, a TCS is required to reject the heat generated within the 
module by crew and equipment. 



1.1.2 Lunar Environment. The conditions of the lunar environment 
are more extreme than the conditions on earth. Some of the major 
characteristics of the lunar environment that hinder the design of a TCS 
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are presented below. Most sites of interest for the location of the base are 
located near the equator. Therefore, these characteristics are for sites close 
to the lunar equator [4]. 

1. The diurnal cycle of the moon is about 29.5 earth days. 

2. The temperature of the limar surface is about 111®C at midday 
and -171®C at night. 

3. There exists a ratified atmosphere (200,000 atoms per cubic 
centimeter) on the moon whereas a dense atmosphere rich in 
oxygen exists on the earth. Due to this ratified atmosphere, the 
maximum solar irradiation on the lunar surface is 1371 W/m^, as 
compared to 1000 W/m^ on the surface of the earth. 

4. The albedo (the percentage of solar irradiation reflected) of the 
lunar surface is about 7% whereas the albedo of the earth is about 
34%. 

5. The gravity on the moon is 1/6 of the gravity on earth. 

6. The lunar soil (regolith) has very low thermal conductivity 
(between 0.7 and 1.5 mW/mK) and it is in the form of a fine powder 
for the first 3 centimeters of the lunar surface. Due to these fine 
regolith particles, there is a constant presence of lunar dust. 

7. The limar surface is subjected to micrometeorite impacts. 

1.2 Design Problems! 

The characteristics of the lunar environment place some unique 
demands on a thermal control system for a lunar habitat. During the 14 
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earth-day-long lunar day, heat rejection to the environment is a major 
problem. Conduction to the limar soil is one possible method of rejecting 
the heat. However, due to the low thermal conductivity of the lunar soil, 
conduction is an inefficient process of heat rejection. Due to the presence of 
a vacuum, heat rejection by convection is impossible. Thus, thermal 
radiation is the only mode of heat transfer to the environment. However, 
radiation to the environment is also a problem. On the moon the radiator 
must face either the sun, the lunar surface, or both. Consequently, the 
temperature of the thermal sink is higher than the temperature of the heat 
to be rejected. Moreover, due to extreme variation in lunar temperature, 
the thermal system must reject heat to a sink with a widely varying 
temperature. 

Another major concern is the lunar dust kicked up during engine 
blasts and surface operations. The dust coats radiator surfaces and 
seriously degrades their emissive properties [4], Also, the design of the 
radiators is affected by micrometeorite activity. 

Due to the high cost of transporting equipment to the moon, the TCS 
must be designed such that its mass, volume, and power consumption are 
minimized. The criteria for designing the TCS in a manned area are 
significantly more stringent than those for unmanned modules or 
payloads. There are strict redundancy, health, and safety requirements 
that must be observed. For example, ammonia is not an acceptable 
working fluid for the manned areas because it is toxic. Water is the only 
known working fluid acceptable for manned areas [4]. 
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1^ Project Requirements 


The design of the TCS is divided into three subsystems based on 
function: heat acquisition, heat transport, and heat rejection. The first 
project requirement is the design of a subsystem that acquires the excess 
heat load. Alternative mediums of heat removal must be investigated. The 
next requirement is the design of a subsystem that transports the heat load 
to a location where it can be rejected. Finally, a subsystem to reject the heat 
to either the environment or the lunar surface is required. 

1.4 Design Criteria 

1. The TCS must remove a heat load that varies with time. 

2. The mass, volume, and power consumption of the TCS must be 
minimized. 

3. The TCS must be designed for peak thermal loads coincident with 
end-of-life radiator properties. End-of-life radiator properties 
refer to the absorptivity and emissivity of the radiator after a 
specified period of time. 

4. The TCS must be designed to reject low temperature waste heat 
generated within the module to a thermal sink at a temperature of 
up to IIPC. 

5. The working fluids used in manned areas must be non- toxic. 

6. The components of the TCS exposed to the limar environment 
must be adaptable to lunar dust and micrometeorite impacts. 
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1^ Proposed Design Methodology 


After defining the problem and identifying the project requirements, 
the next step in the design process was to select a methodology to meet the 
project requirements. First, the design team did background research on 
the problem in order to generate a specification list. Next, the team divided 
the design into several fiinctions. To satisfy each function, alternative 
designs of subsystems were created. Along with the alternative designs, a 
feasibility study was performed on each alternative design. Using the 
design criteria mentioned earlier as a basis for comparison of the 
alternatives, decision matrices were used to select the most feasible design 
of each subsystem. Next, the selected subsystems were combined to satisfy 
the overall fimction. Finally, a conceptual design solution was created for 
the overall system. 

1.5.1 Specification List. Since there have been many proposed 
designs for the inflatable lunar habitat module, the team designed the TCS 
for a specific modtde. For example, the size and shape of the module, the 
power system available, the number of inhabitants, and the type of 
equipment within the module were determined. Such information was 
obtained from NASA engineers and references 2 and 5. A thermal energy 
balance was performed on the module to determine the total heat load to be 
supplied or removed such that a specified temperature is maintained 
within the module. Based on this information and the project 
requirements, a list of specifications was developed. The specification list is 
presented in Appendix Al. 
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1.6.2 Function Diagram. A function diagram for the TCS was 
developed next. The function diagram divides the overall function of the 
TCS into sub-functions. The functional division of the TCS is shown in 
Figure 2. 



Figure 2. Functional Division of the TCS 


1.5.3 Alternative Designs. Alternative designs to satisfy each sub- 
function were developed next. First, thermal control using passive means 
was analyzed. Using this analysis, it was possible to estimate the 
requirements of the active control system. 

Alternative designs to satisfy the fimction of active control were 
developed next. As shown in Figure 2, active control is divided into two 
fimctions - heating and cooling. The cooling function is divided into three 
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sub-functions - heat acquisition, heat transport, and heat rejection. To 
achieve heat acquisition and transport, several thermodynamic cycles were 
investigated. To accomplish the function of heat rejection, radiation to the 
environment and conduction to the lunar soil were researched. 

Next, alternative designs to satisfy each sub-function were developed. 
By combining the individual designs for each sub-fimction, alternative 
designs to satisfy the overall function will be developed. A decision matrix 
will be used to select the best alternative design. 

1.5.4 Design Solution. A conceptual design solution for the chosen 
alternative design was created next. Detailed calculations were done to 
specify the performance of the TCS for a wide range of operating conditions. 
Further aspects of the design, such as the design of a back-up system, were 
discussed. Finally, recommendations for further work on the design of the 
TCS were made. 


9 



n. Alternative Designs 


2.1 Introduction 

Before beginning the alternative designs, a specification list was 
developed. These specifications provide a basis for all calculations 
performed on the alternative designs. It is assumed that the module is a 
sphere of diameter 16 m, with eight crew members [2]. For such a module, 
it was determined that the internal heat load varies from 25 to 50 kW [6]. 
Since the team is designing for worst case conditions, it is also assumed 
that the module is located at the lunar equator. Moreover, the TCS is 
assumed to operate at lunar noon. For these conditions, the thermal 
control system will be reqmred to remove 50 kW of heat in order to maintain 
the temperature within the module at 21®C [6]. 

The design team investigated two means of controlling the 
temperature: active and passive thermal control. First, the team analyzed 
passive control. A two meter shield of regolith is to be used to protect the 
crew from cosmic radiation. As shown in Appendix A2, a two meter 
radiation shield allows only 0.39 kW of heat out of the module during the 
limar night. Since this heat loss is negligible compared to the internal heat 
load of 50 kW, it was determined that no heating is required. During the 
lunar noon, the shield only allows 0.18 kW of heat into the modiile. 
Therefore, no further passive control was required. Next, the design team 
investigated active thermal control. As shown in Figure 3, active thermal 
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control systems are divided into three subsystems: heat acquisition, heat 
transport, and heat rejection. 





j 


Figure 3. H eat Flow Through the TCS 


2J2 Heat Acquisition Systems 

The function of the heat acquisition is to absorb the heat generated 
within the module such that a temperature of 21^C is maintained. This 
heat must then be transferred to the transport system. A means of 










controlling the humidity inside the module is also required. The design 
team investigated three concepts for acquiring the heat generated by the 
module and the crew. 

2.2.1 Single Air-Loop System. As shown in Figure 4, the single air- 
loop system consists of an air loop which is used to remove heat directly 
from the eqioipment. The air loop is also used to dehumidify the air in the 
module. To remove heat from the equipment, air is sucked through the 
equipment racks. The duct carrying this air joins the main duct carrying 
the return air from the module. The air in the main duct leaves the module 
and enters a heat exchanger, transferring heat to the working fluid of the 
transport system. Due to the hiunidity in the air, some condensation will 
occur. The condensed water is directed to a storage tank. 

The main advantage of this system is that no heat exchangers are 
required for the purpose of heat acquisiton. However, the mass of this 
system is very high because a considerably longer network of pipes is 
required to acquire the same heat load as compared to a water loop. The 
working fluid of the transport system is toxic and hence cannot be 
circulated inside the module. Therefore, to transfer heat to the transport 
system, the air must be transported out of the module. Hence, the power 
required to operate the blowers is high. It is also difficult to make the 
system redundant, since the additional set of ducts will greatly increase the 
mass and volume of the system. 


12 



2.2.2 Double Water-Loop System. This system consists of two water 
loops, as shown in Figure 5. One loop is used to cool and dehumidify the air 
within the module. The other loop removes heat from the equipment by 
passing water through cold plates. The cold plates are stainless steel plates 
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with a thickness of about 0.7 cm. Electronic equipment is mounted on top of 
these plates, so that the heat generated by the equipment is absorbed by the 
cold plates. Cold water is passed through the plates and removes the heat 
absorbed by the cold plates. An intermediate water loop collects heat from 
the condensing heat exchanger and the cold plate heat exchanger. The 
heat is then transferred to the working fluid of the transport system. The 
two-loop system has been proposed for Space Station Freedom. The two 
loops are at 21^0 and 2®C. The 21oC loop cools the equipment, while the 2°C 



loop cools the air in the module. Two heat exchangers are required to 
transfer the heat from the two loops to the working fluid of the transport 
system. 

An advantage of this system is that the heat load is distributed over 
two loops. If a leak were to occur in one of the loops, part of the heat load 
will still be removed. However, if the intermediate loop fails, none of the 
heat load will be removed. Another disadvantage of the system is that its 
mass is high, because an additional heat exchanger is needed to remove 
heat from the cold plate loop. 

2.2.3 Single Water-Loop System. This system consists of a single 
pumped water loop travelling through the module, as shown in Figure 6. 
Chilled water is used to first cool and dehumidify the air and is then 
pumped through cold plates to remove heat from the equipment. After 
leaving the cold plates, the heat gained by the water is transferred to the 
working fluid of the transport system. In a typical single-loop system, 
water cools the air at 2°C. While cooling the air, the temperature of the 
water increases. The water is then passed through the cold plates, where it 
gains more heat. The temperature of the water leaving the modiile is 
typically 20®C. 

The main advantage of this system is its low mass, compared to the 
two-loop system. The only heat exchanger required in this system is the 
heat exchanger linking the acquisition system to the transport system. 
Another advantage of this system is that the working fluid of the transport 
system absorbs heat from water at a higher temperature than the double- 
loop system. Hence, the temperature lift; of the transport system will be 
lower if a double-loop system is used. A disadvantage of the system is that 
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the entire heat load is collected by a single loop and a malfunction in this 
loop will cause the entire heat acquisition system to stop functioning. 
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2J3 Heat TransxM>rt ^sterns 


The function of the heat transport system is to make the acquired 
heat available at a suitable location and temperature where it can be 
rejected. The team developed three alternative heat transport system 
designs. These alternative designs are the vapor compression system, the 
vapor absorption system, and the metal hydride adsorption system. These 
designs utilize either work or heat inputs to drive the thermodynamic 
cycles. 

The alternative heat transport systems are designed to transport 50 
kW of heat from a temperature of -3°C to 111®C. The specified temperature 
range is the worst possible case that the transport system has to operate 
under. The low temperature of -3°C is due to the 2°C loop imdergoing a 5°C 
temperature drop at the heat exchanger linking the acquisition system to 
the transport system. The high temperature of 111®C is the maximum 
possible temperature to which the heat will be rejected. For each 
alternative, operating conditions, mass and power requirements, 
advantages, and disadvantages are presented in this section. 

2.3.1 Vapor Compression Systems. A vapor compression cycle is 
the most widely used method by which a refrigeration effect is achieved [7]. 
The most basic form of a vapor compression cycle is a single stage cycle, as 
shown in Figure 7. 



Heat rejected to radiators 


Liquid 


Liquid/gas 



iiii 


Condensor 


Compressor 


Evaporator 

~mv 

Heat from acquisition system 


Superheated 

vapor 



Work 

input 


Saturated 

vapor 


Figure 7. Single Stage Vapor C ompression Cycle 


This cycle comprises an evaporator, compressor, condenser, and 
expansion device. The refrigerant enters the evaporator as a two phase 
liquid vapor mixture. In the evaporator, the refrigerant dianges phase 
from liquid to vapor as a result of heat transfer from the internal heat load 
to the refrigerant. During the phase change of a fluid, high rates of heat 
transfer occur between the fluid and the heat source at relatively low flow 
rates. Furthermore, heat transfer during the phase change of a fluid 
occurs at an almost constant fluid temperature [8]. The refrigerant is then 
compressed adiabatically to a higher temperature and pressure at which 
condensation occurs. As the refiigerant condenses, heat is transferred 
from the refrigerant to the cooler surroundings. Since the refrigerant 
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changes phase, a large heat load is transferred to the surroundings at low 
flow rates and constant temperature. The refrigerant then enters an 
expansion valve and expands to the evaporator temperature and pressure. 

The performance of a single stage vapor compression system using 
Refrigerant 11 as the working fluid is evaluated in Appendix Bl. To 
transport a 50 kW heat load from -3®C to 111®C, external work of 33.3 kW is 
required. The mass of the system is 176 kg for 50 kW of heat transported. 
The CoefiBcient of Performance (COP), a measure of the cooling capacity per 
unit external energy required, is 1.5. 

Due to its high COP, the vapor compression system is the most widely 
used refrigeration system for terrestrial applications. Therefore, its 
performance in lunar applications can be more accurately predicted than 
any other cycle. Furthermore, the system is easy to maintain and repair. 
Maintenance and repair become important factors as the life of a system 
increases. The vapor compression system easily meets redundancy 
requirements. In case of a power failure, an entire backup system is not 
required. The only component requiring a backup is the compressor. 

Hence, emplo 3 ring a backup system will not greatly affect system mass. The 
components of this system are compact and occupy limited volume. These 
systems usually have higher COPs than heat driven refngeration cycles. 

The main disadvantage of vapor compression systems is the high 
power requirement. Furthermore, operating this system requires the use 
of rotating machinery. Such components will have to be replaced more 
frequently than components having no moving parts. 

Since a wide temperature range must be spanned, the use of a single 
working fluid will cause extremes in pressure. Such extremes in pressure 
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can be avoided if two fluids are chosen for reasonable evaporation and 
condensation pressures in two temperature ranges. A major advantage of 
a two stage system is that the working fluids in the two stages need not be 
the same. Such a system is shown in Figure 8. 

As shown in Appendix Bl, an example calculation was performed 
using Refrigerant- 11 and Refrigerant- 12 as the working fluids. To 
transport a 50 kW heat load, 23.3 kW of external work is required. The 
mass of the system is 275 kg for 50 kW of heat transported. The COP of this 
system is 2.15. 

The advantages and disadvantages discussed for single stage vapor 
compression systems apply for two stage systems. The primary advantage 
of the two stage cycle is that it requires 30% less power than the single stage 
cycle. An added advantage is that the system can operate at two levels. 
Hence, if the system is required to cool a smaller load, one of the 
compressors can be turned oflF. Thus, power can be conserved. Due to the 
lower power input, the total heat to be rejected is lower than for a single 
stage system. Consequently, the radiator mass will be lower. The two stage 
system has more moving parts than the single stage system. Therefore, the 
two stage system has a higher mass, is less reliable, more complex, and 
requires more maintenance than the single stage system. 
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2.3.2 Vapor Absorption Systems. One method of transporting heat 
from a low temperature to a high temperature is to drive a thermodynamic 
cycle with external heat. The most common heat driven cycle is the 
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absorption cycle. The basic elements of a vapor absorption system are a 
condenser, evaporator, absorber, desorber, and generator, as shown in 
Figure 9. 

An absorption cycle uses two working fluids - a refrigerant and an 
absorbant. The cycle is based on the principle that less power is required to 
compress a liquid solution than a vapor. The evaporator and condenser 
function in the same manner as in the vapor compression cycle. However, 
the compressor is replaced by the absorber, liquid piunp, and generator. 

The refrigerant enters the evaporator as a liquid. Heat is transferred 
from the acquisition system to the refrigerant. Due to this heat transfer, 
the refrigerant evaporates at constant temperature. The refrigerant then 
enters the absorber, where it condenses and reacts with the absorbant to 
form a solution. In the process, the heat of reaction and heat of 
condensation are given off. Hence, the radiator must reject this additional 
load. The solution is then raised to a higher temperature and pressure by 
using a pump. The solution then passes through a heat exchanger to the 
generator. In the generator, the temperature of the solution is increased by 
energy supplied by an external heat source. The solute refrigerant is 
vaporized, producing a weak liquid solution. A two phase flow of 
refrigerant and solute leaves the generator and the two phases are 
separated by gravity. The weak solution is returned to the absorber through 
a heat exchanger. The weak solution returning from the generator 
transfers heat to the strong solution travelling to the generator. The 
refrigerant vapor is condensed, causing the heat to be transferred out of the 
system at a high temperature. The condensed vapor returns to the 


22 


evaporator through an expansion valve, and heat transport process is 
repeated. 


Heat rejected to 



Heat of reaction + Heat of condensation Heat from 

acquisition system 


Figure 9. Vanor Absorption Cycle 
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An analysis of the performance of the vapor absorption cycle is 
presented in Appendix B2. To transport a 50 kW heat load from -3®C to 111° 
C, an external heat input of 86 kW is required. The mass of the system is 
about 500 kg. The COP of this system is 0.86. 

The primary advantage of a vapor absorption is that it is heat driven. 
If waste heat from a nuclear pleint is available, the system can be run 
without any added mass or power. A further advantage of this system is 
the absence of moving parts, increasing the life of the system. A 
disadvEintage of this system is its high mass, since the absorber, generator, 
and heat exchanger are considerably heavier than a compressor in a vapor 
compression cycle [9]. A further disadvantage of this cycle is its low COP. 
Low COP implies that the radiator must reject a high load and thvis have a 
large area. If a redundant system is required, the entire system will have 
to be replaced. Another problem is the separation of the vapor and liqviid 
phase in low gravity. 

2.3.3 Metal Hydride Heat Pump Systems. Certain metals and alloys 
can store large quantities of hydrogen. The hydrogen is stored within the 
intermetallic lattice structure. Within this structure, a maximiun of six 
moles of atomic hydrogen can be stored in each mole of alloy. The 
concentration of stored hydrogen depends on the temperature and pressure 
of the metal hydride systems [7]. Over a wide range of hydrogen 
concentrations, pressure remains constant. This effect is similar to a 
phase change of a solid or fluid. As in the case of a solid or fluid, an energy 
change is associated with the transition of an alloy free of hydrogen to an 
alloy rich in hydrogen. This energy change is the heat of adsorption. For a 
given mass, the energy change associated with the heat of adsorption is up 
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to nine times greater than the energy change associated with the 
vaporization of water [7]. 

The ability of a metal to adsorb large quantities of hydrogen and the 
associated heat of adsorption can be exploited to construct a heat pump. A 
schematic of the metal hydride system is shown in Figure 10. Two vessels 
containing different metal hydride alloys are connected by a pipe. Initially, 
all the hydrogen is stored in vessel A. As shown in Figure 11, the cycle 
consists of four stages. In the first stage, a high temperature source of 
external heat is applied to vessel A with valve closed. During this stage, the 
temperature of vessel A increases. In the next stage, the heat is still 
applied to vessel A, but the valve is now opened. Hydrogen desorbs from 
vessel A and flows to vessel B where it is adsorbed. As vessel B adsorbs 
hydrogen, it is heated to a temperature at which the pressure of vessels A 
and B are equal. In stage three, vessel A is cooled to its original 
temperature by transferring energy to a heat sink. In the final stage stage, 
the valve is opened and hydrogen desorbs from vessel B and flows to vessel 
A. The removal of hydrogen fi^om vessel B causes a pressure difference 
between the two vessels. To maintain pressure equilibrium, vessel B is 
cooled. At this point, energy is delivered to the low temperature source to 
complete the desorption process. This energy removed from the low 
temperature source is the refrigeration effect. 

An example calculation was performed on this system, as shown in 
Appendix B3. It was determined that if the system is at an initial 
temperature of 27°C, 417 kW of external heat is required to transport a 50 
kW load from 3®C to llloC. The mass of the system is estimated to be 1475 
kg. The COP of this system is 0.24. 
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The primary advantage of this system is that it is a heat driven cycle. 
If waste heat from a power pleint is available, the system can be operated 
without work input. Therefore, no rotating machinery is used in this 
system. Hence, the life of the system is longer than a cycle with 
components having rotating machinery. 

The main disadvantage is that the technology of metal hydride 
systems is not fully developed and is still in the experimental stage [7], 
Predicting the operation of a metal hydride system imder lunar 
environmental conditions is very difficult. A further disadvantage is the 
low COP of the system. Hence, a large quantity of heat is required to 
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remove 50 kW of heat. Consequently, the total heat to be rejected is higher, 
resulting in an increase in radiator area. Finally, the entire process is not 
continuous. Therefore, at least two metal hydride systems will be required 
to operate in parallel. 



H2 



Heat 



Figure 11. Four Stages of a Metal Hydride Cv ck 
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2.4 Heat Begection Systems 


Heat acquired from the module by the transport system can either be 
conducted to the l;mar soil or radiated to space. Due to the extremely low 
thermal conductivity of the lunar soil, heat rejection to the soil is not a 
feasible solution [6]. Therefore, alternative ways of heat rejection to the 
environment were considered. 

The limar environment places some unique demands on the design 
of a heat rejection system. The radiator must be designed to reject heat to a 
high effective sink temperature created by high solar irradiation and infra- 
red (IR) flux from the hot limar surface. Furthermore, the radiator must 
be adaptable to micrometeorite impacts and lunar dust. Finally, the weight 
of the radiator must be minimized. 

In accordance with these functional and structural constraints, the 
design team investigated four types of radiator designs. These alternative 
designs include the flat plate radiator, parallel plate radiator, liquid droplet 
radiator, and reflux boiler radiator. These alternatives are described in 
this section of the report. For each alternative, the operating principle and 
the extent to which it meets the design criteria are discussed. The effective 
sink temperature, heat rejection capability, and radiator mass are also 
presented for each alternative. To analyze the performance of each 
radiator, certain assumptions were made. First, it is assumed that the 
heat transport system transfers 50 kW of heat from the module to the 
radiator. It is also assumed that the heat load is raised to a temperature 
such that the radiator surface temperature is 111®C. 


28 



2.4.1 Flat Plate Radiators. The flat plate radiator iises a flat surface 
to reject heat to the environment. A fluid is passed through the radiator. 

In doing so, heat is transferred from the fluid to the radiator by forced 
convection. Two possible orientations of the flat plate were investigated - 
horizontal and vertical. Figure 12 and Figure 13 show these orientations. 
The bottom surface of the horizontal plate is insulated from the Ixmar 
surface. Therefore, the radiator surface only intercepts the solar 
irradiation. The radiating surface of the vertically oriented plate is aligned 
east-west. As a result, the radiator surface receives minimal solar 
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irradiation. However, the vertical plate is partially exposed to radiation 
from the lunar surface. Hence, it receives IR flux emitted by the lunar 
surface and the solar irradiation reflected from the lunar surface. 

Because each radiator orientation is subjected to different incident 
radiation, the effective sink temperature varies with orientation. In 
addition, the effective sink temperature varies with time because the 
intensity of incident radiation varies with time of day. Figure 14 shows the 
variation of effective sink temperature with time for both orientations of the 
flat plate. Because the effective sink temperature varies with time, heat 
rejected by the plates will also vary with time. Figure 15 shows the 
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variation of heat rejected per unit area of radiator surface. Furthermore, 
this variation is shown for two different radiator temperatures. The high 
and low temperatures refer to the operation of the radiator with and 
without a transport system respectively. Appendix Cl contains the 
assumptions made and equations used to generate the graphs in Figures 14 
and 15. Appendix Cl also contains the mass calculations for both types of 
flat plate radiators 



Figure 14 . Effective Sink Temnerature .Vs. Time of Lun ar Pav 






Flat plate radiators have several advantages and disadvantages. The 
horizontal radiator has a low sink temperature of 5®C at limar noon. The 
corresponding sink temperature of the vertical radiator is 49®C. 
Consequently, the horizontal radiator can reject more heat per unit area 
than vertical radiators. However, the vertical radiator provides twice the 
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area for heat transfer as compared to horizontal radiators for a given mass 
and volume. Vertical radiators also have a lower specific mass (14.4 kg per 
kW rejected) than horizontal radiators (20 kg per kW rejected). 

Heat is gained by flat plate radiators when operating at -3°C at lunar 
noon, as shown in Figure 12. Therefore, flat plate radiators require the use 
of a heat transport system to raise the temperature of the heat load at the 
radiator. Because the fluid undergoes a temperature drop, the radiator 
surface will not be isothermal. Therefore, such radiators have a low fin 
efficiency of about 70%. The fin efficiency decreases with increasing length 
of radiator. Other disadvantages of these radiators include the degradation 
of radiator surface due to lunar dust and the possibility of failure due to 
micrometeorite impact. An important advantage of these radiators is the 
simplicity of their design. 

2.4.2 Parallel Plate Radiator. The parallel plate radiator consists of 
two flat horizontal plates separated by a specified distance, as shown in 
Figure 16. The bottom plate is a horizontal flat plate radiator. The top plate 
is aligned horizontally to completely shade the radiator from solar 
irradiation. 

Figure 17 shows the various heat fluxes incident on the two plates. 
The upper surface of the top plate absorbs a large portion of the solar 
irradiation. The bottom surface absorbs most of the IR flux and the 
reflected solar irradiation from the lunar surface. Due to the presence of 
the top plate, the radiator surface is subjected only to radiation emission 
from the lower surface of the top plate. As a result, the effective sink 
temperature for the radiator is reduced significantly. 
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In addition to shading the radiator, the top plate also acts as a heat 
collector. Preliminary calculations showed that up to 1100 W/m^ of heat C 2 in 
be collected from the top plate. These calculations are presented in 
Appendix C2. This appendix also contains calculations performed to find 
the effective sink temperature, heat rejection capacity, and mass of this 
design. 



This alternative has many advantages. The effective sink 
temperature is -103oC, which is significantly lower than for flat plate 
radiators. Because the sink temperature is lower than -3®C, this radiator 
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can be used without the aid of a heat transport system. Furthermore, the 
presence of the top plate reduces the probability of a meteorite striking the 
radiator and exposure of the radiating surface to limar dust. Finally, the 
top plate acts as a heat collector. The heat acquired can be used to drive a 
heat transport system, thus decreasing the power requirements of the TCS. 

The primary disadvantage of this system is that the top plate 
sigmficantly increases the mass of the radiator. The specific mass was 
found to be 30 kg per kW of heat rejected, including the mass of the top 
plate. This value is about twice the specific mass of a flat plate radiator. 
Another disadvantage of parallel plate radiators is that they are more 
complex to design than a flat plate radiator. 



35 






2.4.3 Reflux BoUer Radiator. A refltix boiler is an evaporation- 
condensation device used for transferring and rejecting heat. A reflux 
boiler is a closed tube or chamber, with a fixed volimie of working fluid. 
The tube consists of three sections - the evaporator, the adiabatic region, 
and the condenser (see Figure 18). 



Heat removed from the module by the transport system is applied at 
the evaporator section. The heat transfer to the fluid vaporizes the fluid in 
the evaporator section. The rescdting difference in pressure drives vapor 
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from the evaporator to the condenser. The fluid condenses, releasing the 
latent heat of vaporization to the walls of the tube. Aided by gravity, the 
condensed liquid falls back to the evaporator along the sides of the tube. 
Hence, the reflux boiler continuously transports the latent heat of 
vaporization from the evaporator to the condenser. 

An analysis of the reflux boiler radiator was performed, as detailed 
in Appendix C3. The specific mass of this radiator is 10.6 kg per kW of heat 
rejected. The effective sink temperature of this radiator is 49®C, assuming 
the reflux boiler tubes are embedded in a vertical flat plate. 

Since condensation is a constant temperature process, the walls of 
the refltix boiler tube are nearly isothermal. An isothermal surface 
ensures that the efficiency of the radiator is maximized. A typical 
efficiency of this radiator is about 95%. Furthermore, the efficiency 
decreases by a small amount as the radiator length increases. Another 
advantage of condensation is that heat transfer through a fluid is much 
higher. The amoimt of heat that can be transported in a reflux boiler is 
usually several orders of magnitude higher than that which can be 
transported as sensible heat by conduction or convection. The reflux boiler 
can therefore transfer a large amount of heat with a small unit size. 

The performance of the reflux boiler radiator is limited by the dry-out 
limit. If the liquid in the reflux boiler is too small for the heat input, the 
condensate returning to the evaporator will dry out before reaching the 
evaporator. Hence, the process becomes discontinuous. A further 
disadvantage is the difficulty of starting the evaporation process. The 
velocity of the vapor is also limited by the sonic limit and the entrainment 
limit. The sonic limit must not be exceeded in order to ensure that thermal 


37 



gradients do not occur along the tube walls. The entrainment limit must be 
avoided to ensure that the vapor does not exert too much drag on the 
condensate. If the entrainment limit is exceeded, the condensate will be 
unable to return to the boiling section. 

2.4.4 Liquid Droplet Radiator. Unlike the three types of radiators 
discussed, the liquid droplet radiator (LDR) uses a liquid surface to radiate 
heat to the environment. The heat to be rejected is first transferred to a 
liquid. The liquid is then injected into the environment as a stream of 
small droplets. The droplets are then exposed to the environment for a 
specific time, during which they are cooled by radiating heat to the 
environment. The cooled droplets are collected and re-used for the same 
purpose. Figure 19 shows the layout of an LDR. 

The most important components of an LDR are the generator, liqmd 
sheet, and collector. The generator is a pressurized plenum with an array 
of nozzles. Liquid jets form at the exit of the nozzles. Due to surface tension 
instabilities , the jets disintegrate into small droplets. This process of 
droplet formation is shown in Figure 20. A similar concept is used in ink- 
jet printers [10]. 

Although wider spacing between droplets improves the heat transfer 
rate, droplets formed by the generator are closely packed to minimize the 
size of the generator. Consequently, droplets travel as a sheet of liquid 
which is almost opaque (see Figure 21). By orienting the droplets as a 
sheet, the emissivity of the liquid sheet differs firom that of an individual 
droplet. The emissivity of the sheet is a fimction of the liquid properties, the 
size of the droplets, and the spacing between droplets. Furthermore, the 
surface area available for radiation is the surface area of the sheet. 
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The sheet has a rectangular cross-section as opposed to a more obvious 
circular cross-section. This geometry is selected to reduce the effective sink 
temperature. Moreover, the sheet converges as it approaches the collector. 
This sheet orientation is chosen to keep the size of the collector small. The 
collector is a rotating drum, which forms the droplet stream into a 
continuous liquid by centrifugal acceleration [10]. 



Figure 21. Profile of the Liquid Sheet 


Preliminary calculations were done to estimate the heat rejection 
capability of this design. First, the effective emissivity of the liquid sheet 
was determined [11]. Next, an energy balance was performed on the sheet 
to calculate the effective sink temperature of the radiator. The next step 
involved the assessment of the time that the sheet should be exposed to the 
environment to cool from llloC to 87oC [8,10]. Using this transit time, sink 
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temperature, and emissivity of the sheet, the area of liquid sheet required to 
reject 50 kW of heat at llloC was calculated. Next, the sheet area was used 
to find the width of the sheet at the generator and collector. These widths 
were used to estimate the size of the generator and collector. Finally, using 
the size of the liquid sheet, generator, and collector, the mass of the LDR 
was determined. The specific mass of the LDR is 6.2 kg per kW rejected. 
These calculations are summarized in Appendix C4. 

The greatest advantage of the LDR is its low specific weight. The use 
of liquid droplets as the radiation medium provides a large surface to mass 
ratio. Moreover, it is easier to transport an LDR to space than a flat plate or 
parallel plate radiator. The 212 m^ required to reject 50 kW of heat can be 
stored in 0.07 m^ of liquid plus the voliune of the generator and the 
collector. Finally, the LDR is less vulnerable to damage caused by 
micrometeorite impacts than solid surface radiators. The LDR possesses 
immunity from single point failure due to micrometeorite impact. A study 
was conducted by Mattuk and Hertzberg to evaluate the mass lost by the 
liquid sheet when struck by a micrometeorite. Mass loss due to deflection 
and evaporation of droplets was considered. The study concluded that the 
mass loss due to meteorite impacts is negligible [11]. 

Apart from its many advantages, the LDR has many disadvantages. 
Loss of mass of the liquid due to vaporization over time is significant. 
Another disadvantage is the effect of gravity on the droplets. To accoimt for 
f.biR problem, the collector will have to be placed below the generator. 
Furthermore, the liquid is susceptible to contamination by lunar dust. 
Other disadvantages include complexity of design and operation. 
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2S Summary of alternative designs 


The single air-loop system requires no heat exchangers within the 
module for the purpose of heat acquisition. The mass of this system is 
high, due to the long network of ducts required. The single water-loop 
system has the lowest mass and power requirements. However, a 
redundant system is difficult to incorporate. In a double water-loop system, 
the heat load is distributed over two loops. The mass of this system is high, 
since an additional heat exchanger is required inside the module. 

Important results of the alternative heat transport systems are 
presented in Table I. The vapor compression cycle has the lowest power 
requirement and is the lightest in weight. The absorption and the metal 
hydride cycles have the advantage of being driven by heat. 

Table I 

Summary of Heat Transport Systems 



Vapor Compression 

Vapor 

Absorption 

Metal 

Hydride 

Single stage 

Two stage 

Mass (Kg) 

175 

275 

500 

1450 

Heat Input (kW) 

0 

0 

86 

450 

Work Input (kW) 

33.3 

23.3 

0 

0 

COP 

1.5 

2.15 

0.58 

0.22 
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Table II presents a summary of the important results of the 
alternative heat rejection systems. The paredlel plate radiator has the 
lowest sink temperature, but possesses the maximum mass. The liquid 
droplet radiator has the lowest mass. However, the design and operation of 
a LDR is complicated. Reflux boilers have a relatively low mass but also 
involve complex design. The flat plate radiators are the simplest to design 
and construct. However, flat plate radiators are heavier than LDRs and 
reflux boilers. 


Table II 

Summar y of Heat Rejection Systems 



Flat Plate 

Parallel 

Plate 

Reflux 

Boiler 

Liquid 

Droplet 

Horizontal 

Vertical 

Sink Temperature 
( in Celcius) 

5 

49 

-103 

49 

49 

Specific mass 
(inKg/kW) 

20 

14.4 

30 

10.6 

6.2 
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nL Feasibility study 


After completing the alternative designs, the team determined the 
the feasibility of each alternative. With the use of a decision matrix, the 
team compared the alternative designs in an organized and logical fashion. 
The decision matrices use the design criteria as a basis for comparing 
alternative designs. Appendix D <x)ntains the decision matrices for each of 
the alternative subsystems. The team determined the order of importance 
of the design criteria based on a literature review of the design of systems 
for space applications. After the order of importance was established, 
weighting factors were assigned to each criterion. Next, the team rated 
each of the alternative according to how well the alternatives fulfilled the 
design considerations. Numerical values were assigned based on how well 
each alternative satisifies the design criteria. The numerical values 
ranged from zero to a hxmdred, where hundred is the highest rating. 

These ratings were based on both qualitative and quantitative comparisons. 
The rating scale is shown in Appendix D. 

Table III gives a summary of the decision matrices results. The 
single water loop system was ranked the highest of the heat acquisition 
system alternatives. This system has a low mass and power requirement. 
Furthermore, this system enables a lower temperature lift of the transport 
system. The two stage vapor compression cycle was ranked the highest of 
the transport system alternatives. This alternative has a low power 
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requirement, reasonably low mass, and is the most adaptable to 
temperature control. The highest ranked heat rejection system was the 
reflux boiler radiator. This alternative has a low mass and volume due to 
its high fin efficiency. 


Table III 

Results of F easibility Study 


Acquisition System 

Transport System 

Rejection System 

Alternative 

Rating 

Alternative 

Rating 

Alternative 

Rating 

Air loop 

64 

Single 
stage vapor 
compression 

86.6 

Horizontal 

plate 

71 

Single 

water 

loop 

84.75 

Two 

stage vapor 
compression 

88.6 

Vertical 

plate 

75.8 

Double 

water 

loop 

76.5 

Vapor 

absorption 

72.6 

Parallel 

plate 

65 



Metal 

hydride 

58.4 

Reflux 

boiler 

793 

♦ ♦He** 



:(e :|e :(e :|e ^ 

Liquid 

droplet 

75.5 
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IV. Design Solution 


After completing the feasibility studies for each alternative 
subsystem, the team began creating a design solution. The thermal control 
system solution consists of a single water-loop acquisition system, a two 
stage vapor compression transport system, and a reflux boiler radiator heat 
rejection system. This section of the report presents a conceptual design 
solution of each of these subsystems. In addition, these subsystems are 
combined such that the overall ftmction of the TCS is satisfied. 

This section of the report is divided into five subsections. First, the 
overall design process is explained. The next three sections discuss the 
design solution for the acquisition, transport, and rejection systems. 

Finally, the design issues of the overall system are presented. 

4.1 Design Process for Overall System 

A schematic of the overall TCS is shown in Figure 22. The 
methodology used to design the subsystems of the TCS for the varying 
conditions within the module and of the environment is presented below. 
First, the design team identified the heat energy producing components 
within the modiile. From such heat producing components, the maximum 
and minimum heat loads to be removed by the acquisition system were 
calculated. The sensible and latent heat loads were also calculated. Hence, 
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amount of heat that must be removed by air and the amoimt to be removed 
by water were determined. Based on the maximum heat load, the air and 
water loops were designed such that the temperature within the module is 
maintained between 18®C and 24<>C. The design team calculated that the 
temperature of the water from the heat acquisition system enters the heat 
exchanger linking the acquisition system to the transport system at 25°C 
and leaves at 7®C. 

Next, the heat transport system was designed. To minimize power 
consumption, the team decided to use a stagewise operation. In a 
stagewise operation of a two stage vapor compression system, three 
operating conditions are possible. Either no stages, one stage, or two stages 
are operated at any given time. 

Due to the stagewise operation of the vapor compression system, the 
radiator must operate at three different temperatures. After determining 
these temperatures, the radiators were designed to reject the maximum 
heat load at each of these temperatures. 

A variable heat load or sink temperatime will cause a thermal and 
fluid imbalance in the TCS. Moreover, the temperature in the module will 
fluctuate beyond the specified range. Hence, a means of controlling the 
system for variable operating conditions was considered next. The 
acquisition and transport systems were adapted for variable heat loads. 
Apart from being subjected to variable heat loads, the radiators are exposed 
to a varying sink temperature. A control system that accounts for these two 
variable conditions was designed. Finally, overall system design issues 
such as the adaptability of the TCS to the lunar environment and the 
placement of the TCS were addressed. 
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4J2 Aoguisition System Design Solution 


The function of the heat acquisition system is to collect the heat 
generated within the module and transport it to the evaporator of the 
transport system. Heat inside the module is generated by the crew and by 
equipment. This heat is generated in two forms: sensible and latent. 
Sensible heat is the heat produced by equipment and by humans, resulting 
in an increase in the air temperature. Latent heat is the heat added to the 
air due to the evaporation of water, residting in an increase in the air 
humidity. The acquisition system must therefore remove both the sensible 
and latent heat loads, to ensure that a comfortable temperature and 
humidity is maintained within the module [12]. Furthermore, heat 
generated by the TCS must also be removed by the acquisition system. 

This subsection of the design solution discusses four main aspects of 
the acquisition system design. First, the operating parameters of the 
system are defined. Next, the components of the acquisition system are 
designed. The operation and control of the system are discussed next. 
Finally, the mass and power requirements of the acquisition system are 
presented. 

4.2.1 Operating Parameters 

The primary heat energy producing elements are the mission 
control, science experiments, life support system, TCS, and humans. After 
the heat energy producing elements within the module were identified, it 
was determined that the acquisition system was required to collect a 
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maximum heat load of 89 kW. 74 kW of heat is generated within the 
module and the remaining 15 kW is generated as heat by the TCS when 
operating at full load. The minimum heat load was determined to be 12 
kW, assuming that the entire crew is outside the module and only the 
mission control system and life support system are in operation. The 
detailed heat load calculations are presented in Appendix El. 

The acquisition system is designed such that part of the heat load is 
collected by the cold plates and part is collected by the internal air loop. To 
determine the fraction of the heat load that the air loop must collect, 
ventilation requirements were considered. For adequate ventilation of the 
module, five air changes per hour are required. To meet this requirement, 
the entire volume of air within the module must pass through the life 
support system and the air conditioning unit five times per hour. Based on 
this information, a volumetric flow rate of 3 m^/s was calculated. From 
psychrometric charts, it was determined that the air must be cooled to 
12.7®C to remove the latent and sensible heat loads. The heat rejected by the 
air to the chilled water is 37 kW. Thus, the cold plate water loop was 
designed to remove the remaining 37 kW, as shown in Appendix E2. 

4^.2 Design of Components 

Figure 23 shows the entire heat acquisition system. The major 
components of the heat acquisition system are the water loop and the air 
loop. The design of the two loops is discussed in this section. 
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4^.2. 1 Water Loop. The heat acquisition system consists of a single 
pumped water loop which is first used to cool and dehumidify the air inside 
the module. The water is then passed through cold plates to absorb the heat 
generated by the equipment. 

Cold plates are metallic plates attached directly to equipment inside 
the module. This equipment is placed on racks as shown in Figure 24. 

Cold plates are used because less energy is required to remove heat directly 
from its source than to remove heat after it has been dissipated into the air. 
In addition, to remove a given load, the power required to pump water 
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through the cold plates is less than the power required to circulate air 
through the equipment. The team assumed an average plate surface area 
of 1500 cm2 and a thickness of 0.6 cm. The average heat flux from the 
electronic equipment is 1 W/cm^ [13]. Therefore, each cold plate collects an 
average of 1.5 kW of heat. The cold plate network is arranged in parallel so 
that the temperature of the water entering the cold plates is fixed at 14.5°C 
and the temperature of the water leaving the cold plates is 22°C. This 
temperature range was selected to prevent the water vapor in the air within 
the module from condensing. The cold plates are placed on levels 0, 3, and 
4, since it was assumed that most of the heat producing equipment will be 
placed on these levels. The calculations performed to design the 
components of the water loop are shown in Appendix E3. 

Since equipment will be placed on the cold plates, the plates are 
required to have a high strength. Furthermore, the plates must have a 
high thermal conductivity because they remove heat from the equipment by 
conduction. Therefore, stainless steel was chosen as the material for the 
cold plates. The pipes of the water loop are made of a titanium alloy 
consisting of 6% aluminum and 4% vanadium [13]. This material is used 
because it is lighter than steel and has a higher strength. Another reason 
for using titanium is that its thermal conductivity is three times lower than 
steel. A low thermal conductivity is desirable in piping because the 
temperature of the fluid in the pipes must not be influenced by the 
surrounding temperatures. 

4.2.2.2 Air Loop. The air loop consists of 3 main ducts. The main 
ducts extend from the air handling unit in level 0 to level 5, decreasing in 
diameter at every level, as shown in Figure 25. The diameter of each main 
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duct at level 0 is 42 cm, decreasing to a diameter of 20 cm at level 5. This 
shape and size of the main ducts was selected to account for the reduction 
in volumetric flow rate of air from level 0 to level 5. At each level, two 
branch ducts are attached to each main duct, as shown in Figure 26. 
Therefore, six branch ducts are located on each level 60° apart. This 
configuration of the branch ducts was chosen such that air will be 
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circulated from the outer periphery into the core of the module. If air is 
passed through ducts at high velocities, the noise of the system increases. 
In order to keep the noise of the system low, an air velocity of 7.6 m/s was 
chosen for the main ducts and 6.1 m/s for the branch ducts [14]. Appendix 
E4 presents detailed calculations performed for the flow requirements and 
the duct sizes. This analysis was used to find the duct size and mass flow 
rate in every air duct within the module. 
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4JL3 Intern Operation and Control 

4^.3.1 Designing for Maximum Heat Load. At worst case operation, 
the acquisition system must collect 89 kW of heat. Chilled water leaves the 
evaporator of the transport system at 7<>C and a mass flow rate of 1.18 kg/s. 
The water is passed through the air handling unit in the module. In this 
umt, air is blown over the chilled water coils. Air enters the imit at a 
temperature of 22.7®C and is cooled to a temperature of 12.7®C to remove the 
latent and sensible heat loads. Before the air enters the unit, it passes 
through the life support system. The life support system removes the 
carbon dioxide from the £iir and revitalizes it with oxygen. The sensible and 
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latent heat loads rejected by the air loop to the water loop are 34.8 and 2.15 
kW respectively. The moisture in the air that condenses due to this cooling 
process is collected in a storage tank and returned to the life support system 
for purification and recirculation. 

The heat transfer within the air handling unit increases the 
temperature of the water from 7®C to 14.5®C. The volumetric flow rate of air 
required to reject the latent and sensible heat loads was calculated to be 3.06 
m3/s. 

After cooling and dehumidifying the air, the water at 14.5°C is then 
pumped through cold plates located on levels 0, 3, and 4 [15]. The mass flow 
rate of the water passing through each cold plates is 0.047 kg/s. The cold 
plates acquire 1.5 kW fh)m the equipment which is mounted on top of the 
cold plates. During this process, the temperature of the water rises from 
14.5®C to 22®C. The water at 22®C then leaves the module and enters the 
shack where the TCS is located. The air within the shack rejects 15 kW of 
heat to the water, increasing the temperature of the water to 25°C. Water at 
this temperature and a mass flow rate of 1.18 kg/s enters the evaporator of 
the transport system. Appendix E5 contains calculations done to determine 
the operation of the acquisition system. 

4.2.S.2 Designing for Variable Heat Loads. To acquire the minimum 
heat load of 12 kW, the flow of water through the cold plates is shut off and 
only the air handling unit is operated. To acquire 12 kW of heat, the 
required air flow rate is 1.06 m^/s. To maintain the temperature of the 
water entering the evaporator at 25®C, the mass flow rate of the water is 
reduced to 0.16 kg/s. The mass flow rate is varied by changing the speed of 
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the pump. Calculations to estimate the operation of the acquisition system 
for variable heat loads are also presented in Appendix E5. 

To control the temperature within the module, a b 3 q>ass valve is used. 

This valve is controlled by a thermostat located inside the modxale. When 

/ 

the heat load varies, so does the temperature within the module. The 
thermostat senses this change in temperature and adjusts the bypass valve 
such that a fraction of the air bypasses the air handling unit [16]. 

4JL4 Mass and Power Requirements 

The mass of the system was calculated by considering the air ducts, 
the cold plates, cold plate plumbing, and the working fluid. Based on the 
heat load that the system is required to acquire, the size of each major 
component was determined. The total mass of the acquisition system was 
estimated to be 1148 kg, as shown in Appendix E6, Table IV summarizes 
the results of the mass analysis of the acquisition system. As shown in 
Appendix E4, the power required to operate the acquisition system is 6.83 
kW. 

4Ji Transport System Design Solution 

After designing the acquisition system to remove the internal heat 
load from the module and the TCS, the team identified the conditions under 
which the transport system is required to operate. Each component of the 
transport system was then designed to operate within such conditions. 
Next, working fluids that operate safely and efficiently under the specified 
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conditions were selected. Finally, the team calculated mass and power 
requirements for the transport system. 


Table IV 

Mass Estimate of He at Acquisition System 


Components 

Mass (kg) 

Ducting 

797 

Piping 

76 

Cold plates 

169 

Air handling unit 

106 

Total 

1148 


4.3.1 Operating Conditions 

As mentioned in the design process, a stagewise operation of the 
vapor compression system is used as shown in Figure 27. During the lunar 
night, the sink temperature remains at -ISQoC. Since this temperature is 
much lower than the temperature of the waste heat to be rejected, heat can 
be rejected without the aid of the vapor compression system. Hence, the 
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system was designed such that both stages are bypassed during lunar 
night. If both stages are bypassed, the refrigerant leaves the first stage 
evaporator and transfers heat to the radiator fluid at 0®C. Therefore, the 
temperature of the radiator was determined to be -10®C. For this radiator 
temperature and a sink temperature of -189°C, the radiator area required to 
reject the Tn ^nrimimi internal heat load was calculated using the radiation 
equation 


q = eaACT^i-gKj - T^sink) 


where e is the emissivity of the radiator surface, a is the Stefan-Boltzmann 
constant, A is the radiator area, Tj-^d radiator temperature, and 

Tgink is f-iis sink temperature. The calculated radiator area is 345 m^. 

This area is the minimum area required for night operation without the aid 
of a vapor compression system. Since the radiator area must be 
minimized, the team decided to use the radiator area calculated for night 
operation. 
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Using this area, the system operation at limar noon was considered. 
At lunar noon, both stages of the vapor compression system will be 
operating. The total heat to be rejected is the sum of the internal heat load, 
the work done by the compressors on the refrigerant, and the heat 
generated by the TCS. Using the radiator area of 345 m^, the sink 
temperature of 50®C at lunar noon, and the maximum heat load of 126 kW 
to be rejected, the temperature at which the radiator must operate at limar 
noon is 98°C. To obtain this radiator temperature, the refrigerant must 
leave the second stage at 110®C. Hence, the maximum temperature lift of 
the heat transport system is 110°C. Since both the maximiun and the 
minimum temperatures of the transport system were known, the 
corresponding pressures were determined. Using these pressures, the 
interstage pressure and temperature were calculated. Thus, the operating 
parameters of the transport system were defined, as shown in Appendix 
FI. 

From the heat load calculations, it was determined that the vapor 
compression system must treinsport an internal heat load ranging from 12 
to 74 kW. However, the system must also transport the work done on the 
fluid by the compressors and the heat generated by the compressors. 
Depending on the number of stages in operation, the heat generated by the 
compressors and the work done on the fluid vary. Therefore, the 
maximum and minimiim heat loads to be transported depend on the 
number of stages in operation, as determined in Appendix FI. Figure 28 
shows the maximum and minimum heat loads to be removed for stagewise 
operation. The maximum possible load that the vapor compression system 
is required to handle is 126 kW, when both stages are in operation and the 
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intemal heat load is maximum. The minimum possible load is 12 kW, 
when no stages are in operation and the intemal load is minimum. 



Figure 28..Heat Load for Stagewise Operation 


43.2 Design of Components 

The vapor compression system consists of evaporators, compressors, 
condensers, and expansion valves. The thermodynamic processes of the 
working fluid during a single stage of a vapor compression cycle are shown 
in Figure 29. Both an ideal cycle and an actual cycle, which contains non- 
ideal processes such as pressure drops in the evaporator and condenser, 
are shown. Each component is designed to enable the system to operate as 
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dose to the ideal cyde as possible. The design of each component for the 
operating parameters mentioned earlier is given in Appendix F2. 



Figure 29. Actual and Ideal Vapor Compression Cvclfi 


4.3.2. 1 Design of Evaporator. The refrigerant flowing through an 
evaporator absorbs energy as it cools a fluid (usually water or air). The 
refngeration effect is obtained by cooling this flmd. The temperature 
profiles as a function of position for a parallel flow arrangement are shown 
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in Figure 30. Because the state of the refrigerant in most of the evaporator 
is saturated, the pressure and temperature are linearly dependent. There 
is a drop in pressure in the evaporator, which accounts for the drop in 
temperature of the refHgerant, as shown in the figure. The drop in 
pressure is xmdesirable because as the evaporator pressure decreases, 
more specific compressor work is required. Thus, the COP of the system 
decreases. In order to minimize the drop in refHgerant pressure and 
temperature, a parallel flow heat exchanger was selected over a 
counterflow heat exchanger. 



4.3.2.2 Design of Condenser. A condenser is used to reject both the 
work of compression and the heat absorbed by the evaporator. To reject this 
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heat, the condenser’s refrigerant temperature must be higher than that of 
the fluid cooling the condenser. As shown in Pigure 31, the refrigerant 
exiting the compressor and entering the condenser is superheated. A short 
distance after entering the condenser, the refngerant is cooled to the 
saturation point. Condensation then occurs over most of the heat 
exchanger length as the refrigerant goes from 100% to 0% quality. The 
temperature decrease in this two-phase region is due to the refrigerant 
pressure drop. Counterflow heat exchangers were chosen since they have 
higher heat exchanger performance than parallel flow. 

4.3.2.S Design of Compressor. A compressor is used to increase the 
pressure and temperature of the vapor exiting the evaporator. To select a 
suitable compressor for this application, various types of compressors such 
as reciprocating, rotary, and dynamic (centrifugal) compressors were 
investigated. After considering factors such as power requirements, 
reliability, and capacity control, it was determined that both reciprocating 
compressors and centrifugal compressors are suitable. 
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Figure 31. Heat Transfer in a Condenser 


4.3^ Selection of Woridng Fluid 

There are a large number of working fluids which can serve as 
refHgerants for vapor compression cycles. An investigation of various 
working fluids revealed that very few can operate across a temperature 
range of 0°C to 100®C and remain below the critical point [17]. Hence, the 
design team decided to use a different working fluid in each of the two 
stages of the vapor compression system. An analysis of the compressor 
work required and the mass flow rate reqxiired was performed for various 
working fluids, as shown in Appendix F3. The evaluation was performed 
for temperature ranges of 0®C to 50®C and 50 ®C to 100®C. From this study, 
it was determined that R12 is to be used for the first stage and Rll for the 
second stage. 
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4^4 S^tem Operation and Control 

This section discusses the operation of the system over a range of 
heat loads. The use of a stagewise operation to minimize power 
consumption is also discussed here. The system operation is analyzed in 
Appendix F2. The transport system is shown in Figure 27. 

4^.4. 1 Designing for Maximum Heat Load. At worst case operation, 
the vapor compression system is required to transport 89 kW of internal 
heat from the module and TCS at temperature of 0®C to 110®C. Heat from 
the acquisition system is transferred to R12 in the evaporator. The R12 
evaporates at 0°C and leaves the evaporator as a saturated vapor. The 
refrigerant then enters the compressor where it is superheated to a 
temperature of 60°C and a pressure of 1 MPa. The vapor enters the 
evaporator-condenser, where it condenses and transfers heat to Rll. The 
Rll enters the evaporator section of the evaporator-condenser at 40°C and 
the heat transferred to it by the R12 enables Rll to evaporate at a pressure of 
0.2 MPa and a temperature of 40®C. The Rll is then compressed to a 
temperature of 110®C and a pressure of 0.8 MPa. The superheated Rll 
vapor then enters a heat exchanger where it transfers heat to the radiator 
fluid at a temperature of 100®C. 

4.S.4.2 Designing for Variable Heat Loads. The minimum heat load 
produced by the module is 12 kW. The vapor compression cycle is designed 
such that the temperatures and pressures at each state of the cycle remain 
constant, regardless of the heat load. To enable constant temperatures at 
each state, the mass flow rate in each loop is varied. The mass flow rate 
can be varied by using either an accumulator or a pump. Since the 
pressure of each state must be maintained at the specified value, it was 
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determined that an accumulator will be used to vary the mass flow rate. 
The maximum possible change in heat load is 77 kW, when the heat load 
drops from its maximum value to a minimum. In this case, the mass flow 
rate in the first stage loop is reduced from 0.8 kg/s to 0.1 kg/s and in the 
second stage loop from 0.9 to 0.1 kg/s. As shown in Appendix F4, it was 
determined that the accumulators will have to store a maximum of 9 kg in 
either loop. Since such a mass can be stored easily, the team decided to use 
accumulators in each loop to vaiy the mass flow rate. 

4.S.4.3 Designing for Minimal Power Consumption. In order to 
minimize power consumption, the team decided to shut off the stages of the 
cycle at various times of the lunar day/night. One of the requirements was 
to have both compressors off at night. Under this operating condition, the 
R12 exits the first stage evaporator at 0®C and transfers heat to the radiator 
fluid. The temperature of the radiator is -10®C. At lunar night, the sink 
temperature remains at -189®C. In order to reject the maximum heat load 
of 74 kW, the radiator area required was determined to be 345 m^. This is 
the TTiim'nmiTn possible area required for the radiator to reject the 
maximtim heat load at night with both stages of the cycle switched off. 

Next, the design team investigated the time during which the single 
stage will be operated. During single stage operation, the vapor exiting the 
compressor is at a temperature of 60®C. The vapor exchanges heat with the 
radiator fluid, which gains heat at a temperature of 50°C. It was 
determined that for the calculated radiator area of 345 m^, and a radiator 
temperature of 50®C, the maximum heat load for single stage operation of 
94 kW will be rejected when the sink temperature becomes -8.7 ®C. This 
sink temperature corresponds to a sun angle of± 41.5°. Therefore, for any 
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sink temperature between -189°C and -8.7®C, a single stage operation is 
employed. Furthermore, for any sink temperature above -8.7°C, the 
radiators will not be able to reject the maximum heat load of 94 kW. Thus, 
two stage operation is employed for sink temperatures greater thsm -8,7®C. 
Based on the analysis presented in Appendix F5, the stagewise operation of 
the transport system for various sink temperatures is shown in Figure 32. 



Figure 32. Stagewise O peration vs Sink Temperature 
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4^ Mass and Power Requirements 

The power consumed by the vapor compression system as a function 
of sun angle for maximum heat load is shown in Figure 33. The average 
power consumption is 17.8 kW. 

The mass of each component of the vapor compression system was 
also calculated. For each heat exchanger, the temperature differences and 
the TnaTimnTn heat transfer were used to calculate the UA parameter. The 
UA parameter is the product of the overall heat transfer coefficient and the 
surface area available for heat transfer. The objective in heat exchanger 
design is to provide as much surface area as possible between two fluids 
while also minimizing the pressure drop. The mass of the heat exchanger 
is thus dependent on both the area and the overall heat transfer coefficient. 
For each heat exchanger, the overall heat transfer coefficient and area 
were determined. Using a correlation from reference x, the mass of each 
heat exchanger was found from knowledge of the UA parameter. For each 
compressor and pump, the maximum power was calculated. The 
Tna-rinniiTn power was related to the mass of compressor or pump. The 
mass of the piping was also estimated. The mass of the accumulators was 
estimated using the maximum mass it is required to hold. The mass and 
power estimates for the complete transport system are given in Appendix 
F6. Based on this analysis, the average power consumption is 18 kW and 
the mass of the transport system is 1413 kg. A summary of the mass 
estimate is given in Table V. 
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Power consumption (kW) 
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ComponentB 


Mass (kg) 


3 Evaporators 1090 


Condenser I I93 


2 Compressors 40 


Piping and working fluid 90 


Total 1413 


2 
















4.4 Heat Rejection System Sohition 


Following the design of the transport system, the heat rejection 
system was designed. The function of the heat rejection system is to reject 
the heat transported by the vapor compression system. This section 
discusses four topics. First, the operating conditions under which the 
reflux boiler radiator must operate are defined. Next, design of the 
components of the rejection system are discussed. The operation and 
control of the system for varying conditions are explained next. Finally, a 
mass estimate of the heat rejection system is presented. 

4.4.1 Operating Conditions 

At any given time, the radiator is required to reject the internal heat 
generated within the module, the heat generated by the TCS, and the work 
imparted by the compressors to the working fluid. The heat generated by 
the TCS and the compressor work done on the fluid depend on the internal 
heat load as well as the number of stages in operation. Hence, the 
maximum and minimum heat loads to be rejected depend on the number of 
stages in operation, as shown earlier in Figure 28. Furthermore, the 
system must be able to reject any intermediate heat load. 

The system must be adaptable to reject the maximum and minimum 
heat loads. To accomplish this function while keeping the power 
consumption of the transport system low, the radiator must operate at three 
different temperatures corresponding to the number of stages operating. 
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The radiator fluid must therefore be a saturated vapor at three different 
temperatiu’es. These radiator temperatures are summarized in Table VI. 


Table VI 

Operating Temperature of Radiators 


Night operation 

Single stage operation 

Double stage operation 

-IOC 

50C 

100 C 


The radiators are subjected to varying sink temperatures. Therefore, 
for a given radiator temperature, the heat rejection capability varies with 
time. The rejection capability of the radiator must therefore be controlled 
such that the radiator does not reject more heat than is transported by the 
vapor compression system. 

4.4^ Design of Components 

4.4.2. 1 Reflux Boiler Radiator Design. The original reflux boiler 
radiator concept consists of a closed vessel in which both boiling and 
condensation take place. However, the radiator fluid is required to 
evaporate and condense at -IQoC, 50<>C, and lOQoC. In order to obtain a high 
quality satiu-ated vapor at three different temperatures, the saturation 
pressure of the working fluid must be varied. The design team determined 










that changing the pressure within a closed system is inefficient. Hence, 
the team decided to use a pump to increase the saturation pressure and a 
throttling valve to decrease the pressure of the working fluid. It was 
determined that the working fluid must be evaporated before entering the 
radiator. This modified reflux boiler concept is illustrated in Figure 34. 
The vapor enters the radiator through a pipe and condenses along the side 
walls of the radiator. The condensate collects at the bottom of the radiator 
and joins the retiim line. 



The operating temperature of the radiator working fluid varies from 
-10°C to 98®C. A fluid that can operate over this range of temperature 
without nearing the critical point is required. An investigation of various 
refrigerants showed that R114 is suitable for this application. This fluid 
was used in the reflux boiler analysis presented here. 

The design team investigated radiator shapes of circular and 
rectangular cross-section. Cylindrical radiators have a higher surface 
area to voliune ratio than rectangular radiators. However, the effective 
sink temperature for a rectangular vertical radiator is lower than the sink 
temperature for a cylindrical radiator. Furthermore, the effective area for 
radiation of aligned cylindrical radiators is much less than that of aligned 
rectangular radiators, due to radiative exchange between adjacent 
cylindrical surfaces. Hence, the design team selected rectangular 
radiators. These radiator surfaces are aligned east-west, and the non- 
radiating surfaces are insulated. The spacing between the radiator walls 
must be minimized so that the area of the non-radia tin g surfaces are 
minimized. 

The design of the radiator involved determination of the length of the 
radiator and the spacing between ffie radiator walls. The reflux boiler 
must be designed such that the temperature difference between the vapor 
and the radiator wall must be minimized. To achieve these conditions, the 
film thickness and hence the length of the radiator must be minimized. 
However, a fixed radiator area of 345 m2 is required. If the length is 
mimmized, the width of the radiator will be too great. Due to various 
transport limits, constraints are placed on the minimum length and 
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minimum spacing between the radiator walls. These limits include the 
boiling limit, entrainment limit, and the sonic limit. 

Since the vapor and liquid move in opposite directions, a shear force 
exists at the liquid- vapor interface. If the vapor velocity is sufficiently high, 
a limit can be reached at which the shear force is so high that the liquid 
cannot return to the bottom of the tube. This limit is the entrainment limit. 
When the entrainment limit is reached, part of the radiator wall becomes 
dry. Consequently, the radiator walls cease to be isothermal. 

The critical vapor velocity at which entrainment occurs depends on 
the mass flow rate of both the vapor and the condensate [18 ]. For the 
maximum heat load, the mass flow rate of the vapor will be maximum. 

The mass flow rate of the condensate depends on the length of the tube. 
Hence, for the maximum heat load, the critical vapor velocity depends on 
the radiator length. 

The mass flow rate of the vapor is also limited by the sonic limit [19]. 
The flow of vapor in the reflxix boiler vapor core is similar to the flow 
characteristics encountered in a converging-diverging nozzle. For a given 
vapor core area, there is a maximum mass flow rate of vapor that can be 
transported up the tube. Any fm*ther increase in the heat load transported 
by the vapor will increase the mass flow rate, resulting in supersonic flow 
of the vapor. Since the mass flow rate of the vapor does not increase, the 
heat transfer along the tube does not increase. Hence, a large axial 
temperature gradient along the tube is formed and isothermal operation of 
the radiator is not possible. The radiator cross-sectional area must be 
designed such that for high heat loads, the area is sufficient to prevent 
sonic flow from occuring. 


77 



In accordance with these limits, tlie radiators were designed. Each 
side of the radiator was modelled as a vertical flat plate with vapor 
condensing along its sides, as shown in Figime 35. At steady state, the heat 
flux transferred from the condensate to the radiator wall must equal the 
heat flux radiated to the environment. Using this energy balance, the 
average convection heat transfer coefficient is related to the radiator 
temperature by 


h = eaCT^j-g^ - T^gint) / (Tgat - Trad) 

where Tgat is the temperature of the saturated vapor, Tgink is the sink 
temperature. Trad is the radiator temperature, e is the emissivity, and o is 
the Stefan-Boltzmann constant. For condensation along a vertical plate, the 
convection coefficient is also related to the film length by a correlation given 
in reference x. Combining the two relations, the radiator temperature as a 
function of radiator length was determined. The team found that the 
radiator temperature differed by a very small amount from the vapor 
temperature, even for very large lengths. As shown in Figure 36, for a 
length of 17 m, the radiator surface temperature is only 0.5®C less than the 
vapor temperature. Hence, the team assumed that the surface 
temperatiire was the same as the vapor temperature for the overall 
analysis of the TCS. This graph illustrates the high fin efficiency of the 
reflux boiler radiator. Furthermore, the graph shows that the fin efficiency 
decreases slightly for large increases in radiator length. 


78 



Insulation 



Condensing 
liquid film 






Since the radiators must be modular, the team used twenty 
radiators. The team determined the critical flux at which the sonic limit is 
reached. For the maximum heat load, the minimum cross-sectional area 
to prevent the sonic limit from occuring was found. Each rectangular 
radiator is 17.25 m long and 0.5 m wide, providing a total radiator surface 
area of 345 m2. For this length, the critical vapor velocity was foimd to be 
six times higher than the actual maximum vapor velocity. Hence, for the 
radiator dimensions selected, none of the transport limits will be exceeded. 
The calulations for the design of the reflux boilers is presented in Appendix 
Gl. 

4.4.2 Design of Pressure Control Sub^stem. The frmction of the 
pressure control subsystem is to vary the pressiure of the radiator fluid such 
that it will evaporate at the three different operating temperatures 
specified. The pressure control system consists of a pump and an 
expansion valve, as shown in Figure 37. The pump is required from dawn 
to noon, when the radiator temperature must be increased from -10®C to 
50®C, and then from 50°C to 100°C. The pump is therefore required to 
operate only twice during the day. Just before the first stage is switched on, 
the fluid returning from the reflux boiler at a temperature of -10°C is 
pumped to a higher pressure. This pressure corresponds to a temperature 
of 50°C, enabhng the radiator fluid to evaporate at this temperature. A 
similar process occurs just before the second stage is switched on, resulting 
in another increase in the pressure of the working fluid. From noon to 
dusk, the expansion valve is required twice to reduce the pressure of the 
radiator fluid. 
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4.45 Intern Operation and Control 

For night oporation, the radiator fluid takes the path shown in 
Figure 37. Valves 2 and 3 are open, while 1 and 4 are closed. As a result, 
the radiator fluid bypasses heat exchanger A and vaporizes in heat 
exchanger B. This vapor then enters the radiators where it condenses 
down the walls of the radiator. The condensate is collected at the bottom of 
the radiator where it joins the main liquid return line. The radiator fluid is 

designed to be at a pressure corresponding to a saturation temperature of - 
lOoC. 

The first stage is switched on around dawn, when the sink 
temperature is just above -189«>C. Before the first stage is switched on, 
valves 6 and 7 are closed and valve 5 is opened. The pump is used to raise 
the pressure of the radiator fluid to a value corresponding to the saturation 
temperature of 50<>C. When the first stage is switched on, the R12 exiting 
the compressor exchanges heat with the radiator fluid in heat exchanger B, 
which evaporates and enters the radiator. Before the second stage is 
switched on, the pump is again used to raise the pressure of the radiator 
fluid in order to evaporate it. When the second stage is switched on, valve 1 
and 4 are open, and 2 and 3 are closed. The radiator fluid exchanges heat 
with Rll in heat exchanger A and bypasses heat exchanger B. Just before 
each stage is switched off, valve 5 and 6 are closed and valve 7 is opened. 
Thus, the radiator fluid is sent through the expansion valve to reduce its 
pressure so that it can be evaporated at a lower temperature. 
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4.4^.1 Designing for Maximum Heat Loads and Maximum S ink 
Temperature. The heat rejection capability of the radiators is given by the 
equation 


q = eaA(T4j.ad-T4ginj,) 

where e is the emissivity, a is the Stefan-Boltzmaim constant, A is the area, 
Trad is the radiator temperature, and Tginj^ is the sink temperature. The 
variation of heat rejection capability and the maximum possible heat load 
with sun angle are shown in Figure 38. Based on the equation, the amount 
of heat rejected by the radiators can be controlled by varying the emissivity, 
area, or radiator temperature. For each stage of operation of the vapor 
compression cycle, the radiator temperature was designed such that it 
rejects the maximum heat load at the highest sink temperature during that 
stage. As illustrated in Figure 38, the maximum sink temperature at each 
stage occurs at points A, B, and C. However, if the sink temperature 
decreases, the radiators are capable of rejecting more heat than is required 
at maximum heat load. 
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(midnight) (dawn) (noon) (dusk) (midnight) 

Sun angle 

Figure 38. Reject ion Canacitv for Stagewise Operation 

4.4^^ Designir^ for Maximum Heat Load and Varying Sink 
Temperature. In the previous section, the rejection system was initially 
designed for the highest sink temperature. Consequently, the system will 
always have a higher rejection capability than the heat load, except at the 
maximum sink temperature at each stage. The excess rejection capacity 
varies from 0 to 94 kW. Based on the radiation equation, there are three 
means of controlling the rejection capability of a radiator: control of 
emissivity, radiator temperature, and area. 

Louvers are used used to change the absorptivity to emissivity ratio of 
the radiator. By opening or closing the louver blades over the radiator 
surface, the effective emittance of the radiator is varied. However, this 
concept was proved infeasible for lunar applications in a study done by 
NASA. Next, the team investigated control of radiator temperature. As the 
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the radiator temperature is fixed because of stagewise operation, this 
method of control could not be used without increasing the number of 
stages of the vapor compression system. 

Finally, the team investigated ways to control the rejection capability 
of the radiators by controlling the radiator area. Two independent control 
techmques were used to solve the problem of excess rejection capability. 

The first techmque used was to b 3 q>ass radiators. To bypass a radiator, the 
valve connecting the radiator fluid loop to the radiator is closed. Hence, no 
vapor enters the radiator. All the vapor inside the radiator condenses down 
the walls and returns to the main loop. Therefore, the effective area for 
radiation decreases. Since twenty radiators are used, the area of each 
radiator is 17.25 m2. By bypassing radiators, the radiator area can be 
varied from 0 to 345 m2 in increments of 17.25 m2. 

For the twenty one possible discrete radiator areas, the sink 
temperature at which the rejection capacity equals the maximum heat load 
was found. Consequently, a sequence in which each radiator is bypassed 
was determined, as shown in Appendix G2. The excess rejection capacity 
varies from 0 to 10 kW, as shown in Figure 39. Using this technique, the 
excess rejection capability is greatly reduced. This effect is illustrated in 
Figure 40. 

By providing discrete variations in area, the excess rejection 
capability can be reduced but not completely eliminated. Because the sink 
temperature is a continuous function of time, the area of the radiators must 
be varied continuously to completely eliminate the excess rejection 
capability. In order to do so, the variable conductance concept is suggested 
[20]. This concept involves using a noncondensable gas in a reservoir 


85 




Attached to the reflux boiler radiator, as shown in Kgure 41, The pressure 
in the gas reservoir is the same as the saturation vapor pressure of the 
radiator fluid. A decrease in the sink temperature will cause more heat to 
be lost momentarily by the radiator fluid, resulting in a small decrease in 
vapor temperature. Since the vapor is saturated, a s mall temperature 
decrease causes a large drop m vapor pressure. The change in vapor 
pressure causes the noncondensing gas from the gas reservoir to enter the 
radiator, resulting in a decrease in the area available for condensation. By 
decreasing the area, the heat rejection capability will decrease such that 
the heat rejected equals the heat load to be rejected. 
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Figure 40. Effect of Bvpassinp Radiators 


This concept may be used without b 3 rpassing radiators. The worst case 
occurs when the heat load is minimum (20 kW) and the sink temperature is 
-8.7®C, corresponding to point D on Figure 40. As can be seen, the heat 
rejection capability of the radiators is about 225 kW. For this case, the area 
change required of each radiator is 14.25 m^. Due to the excess storage 
volume required, the mass of the radiator will greatly increase. However, if 
the radiators are bypassed, the heat rejection capability is about 132 kW. 
Therefore, the area of each radiator will have to be reduced by only 6.25 m2. 
These calculations are also shown in Appendix G2. 
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4.4.3^ Designing for Variable Sink Temperature and Variable 
Heat Load. In the two previous sections, the temperature control systems 
discussed were designed for the maximum heat load. However, the 
rejection system must account for variable heat loads. When the heat load 
decreases, the mass flow rate of the radiator fluid is decreased using an 
accumulator. Depending on the mass flow rate, the number of radiators to 
be used is determined by the relation 


Number of radiators used = me / mi. 
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where me is the emrent total mass flow rate in the loop and mj is the mass 
flow rate into each radiator at design level. This system coupled with the 
variable conductance concept will enable the heat rejection capability to 
equal the heat load at any given time. 

To control the system for varying sink temperatiu’e, the technique of 
bypassing radiators explained in the previous section is used. If the heat 
load and sink temperature vary simultaneously, the two independent 
control techniques are used. Using each technique, the number of 
radiators to be used is determined. The system selects the lower of the two 
values. The variable conductance concept superimposed on the above two 
control methods will ensure that the radiator area is adjusted for both the 
change in heat load and the change in sink temperature. Thus, the 
amount of heat rejected by the radiators will equal the heat load to be 
rejected. 

4.4.4 Material for Radiator. 

A material proposed for radiators to be used on Space Station 
Freedom is Advanced Ceramic Fabric (ACF) material. This composite 
material consists of lightweight ceramic fabrics bonded with thin metallic 
foils. The outer layer consists of the ceramic material. The inner layer is a 
metallic foil which acts as the pressure boundary to contain the working 
fluid [21]. 

ACF materials being studied include carbon fibers, fused silica, and 
silicon carbide. These materials have a higher strength to mass ratio than 
traditional metallic radiator surfaces. Furthermore, ACF materials are 
compatible with various working fluids. 
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Table VI 

Mass Estim ate of Heat Reiection System 


Components 

Mass (kg) 

Radiators 

1725 

Rping 

14 

Working fluid 

130 

Total 

1869 


4.4.5 Effect of Lunar Environment. Since the transport system will 
be placed in a shack under the regolith, the radiators will be the only 
components of this system that are directly exposed to the lunar surface. 
The effect of lunar dust on radiators is a harmful one. The only means by 
which limar dust can be kicked up is due to surface operations. Hence, 
surface operations must not be performed near the side of the module that 
the TCS is located. Furthermore, the radiators must be aligned such that 
the surfaces do not face the regolith covering the module. If the radiators 
face the module, the sink temperature seen by the radiator will be higher. 
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Conclusions 


This report contains the conceptual design of a thermal control 
system for limar applications. Alternative designs for heat acquisition, 
heat transport, and heat rejection were presented in this report. Feasibility 
studies on alternatives of each subsystem showed that the single water- 
loop, the vapor compression cycle, and the reflux boiler radiator were the 
most feasible alternatives. Combination of these subsystems yielded an 
overall system that satisfied the design criteria mentioned earlier in the 
report. The extent to which the overall system meets the most important 
design criteria is discussed below. 

The mass of the system was kept low, since low mass was the most 
important design criterion. Mass estimates and power requirements for 
the TCS are given in Table VII. The design team did not optimize the mass 
of the overall system. The total system mass is about 4430 kg. This mass is 
comparable to a TCS of mass 1927 kg, with about half the cooling capacity of 
the TCS presented in this report [22]. 

The power requirements of the system were also considered. The 
team determined that the average power consumption can be decreased by 
using a stagewise operation. The use of a stagewise operation is especially 
feasible for lunar applications because the sink temperature at lunar night 
is extremely low and remains so for 14 earth-days. 
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Table VII 

Mass and P ower Estimates for TCS 


Subsystem 

Mass (kg) 

Power (kW) 

Acquisition 

1148 

6.8 

Transport 

1413 

17.8 

Rejection 

1869 

.3 

Total 

4430 

24.9 


Control of the system for variable heat loads and variable sink 
temperatures was another important design criterion. This criterion was 
met by using a stage wise operation, bypassing radiators, and by using the 
variable conductance concept. 

The design team considered the adaptability of the system to the 
lunar environment. The placement of the system was discussed with 
respect to the lunar dust kicked up during surface operations. Although 
the effect of lunar dust is an important factor in the radiator design, the 
extent of its effect on radiator surfaces is unknown. However, the design 
team accounted for the fact that the emissivity of the radiator decreases 
with time. The effect of micrometeorites on the placement of the radiators 
was also not considered, since micrometeorite impacts on the lunar surface 
are considered to be random. 
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Various safety requirements were also considered. No toxic fluids 
were used inside the module. The radiators were designed to be modular, 
so that a failiue in one radiator will not affect the performance of the other 
radiators. A redundant system was not designed in this study, although it 
was used as a criterion for comparing the alternative designs. 
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Recammendatioiis fijr Future Study 


The aim of this report was to design the three subsystems of the TCS 
to acquire, transport, and reject heat from the module to the lunar 
environment. Although the design team met this goal, much more work 
must be done on this project before prototjqies be built. 

The heat load calculations performed in this report were based on 
equipment to be used on Space Station Freedom. To perform a detailed 
design of a TCS for lunar applications, more background information is 
needed regarding the limar mission. To accurately determine the heat 
load, the designer must know exactly what equipment will be inside the 
module. The crew size must also be determined. 

The mass estimates presented in this report were for components 
used for terrestrial applications. Mass estimates of components designed 
specifically for space applications must be determined. Furthermore, the 
mass of the TCS must be minimized. If the radiator area is reduced, the 
radiator temperature must increase. Hence, the temperature lift of the 
vapor compression system must increase. If the temperature lift of the 
vapor compression system increases, the mass and the power requirement 
increases. Hence, the radiator area and the temperature lift of the system 
must be varied such that the total mass of the system is minimized. The 
radiator must be operated at a temperature at which the total mass is 
minimum. 
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The analysis of reflux boilers presented in this report only 
demonstrates feasibility of the concept. Hence, it is at an elementary level. 
No correlation adequately estimates the thermal performance of a reflux 
boiler in a low-gravity environment. An analysis that accounts for the low- 
gravity effect is needed. 

It is important to determine what the available power source will be 
for the lunar mission. If a nuclear power source is used, high temperature 
waste heat is available. Consequently, using a heat driven cycle instead of a 
work driven cycle will result in a large saving of power. 

The upper plate of a parallel plate radiator functions as both a 
shading device and a solar collector. It was determined that the low 
temperature heat absorbed by a parallel plate radiator cannot be used to 
drive a heat driven cycle. However, if low temperature heat can be used for 
some other purpose, the parallel plate radiator concept must be investigated 
in more detail. 
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Description 

Completely satisfies all design criteria 
Satisfies all the primary criteria 
Satisfies most of the primary criteria and all 
Satisifes most primary and most secondary 
Satisfies some primary and most secondary 
Satisfies some primary and some secondary 
Satisfies few primary and some secondary 
Satisfies few primary and few secondary 
Satisfies no primary and few secondary 
Satisfies no primary and one secondary 
Satisfies no primary and no secondary 


secondary 
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Criteria 



Decision matrix for heat acqusition system 
















Decision matrix for transport system 






















































Decision matrix for heat rejection system 






































■HetxV 1 Ocx(j^ t>V\S 


Meu'l' Lc><^ci C&.(ux.Lo_^i'&wa S ujo-e. cLo V\J^ 

"Hac. v'^cxx*^^^ cxt^cL yvviv^ I lA^uAVvv * 

Fo^ +U\e 4 Wiuwv cc^e. ^j^ec^^ctooo\/v 

<3^ £a^oC^ (o^ck ('S O-^ '-fo( (-OLA>S . 



5 2> kc>j 

^Ca € U Cft. ^X. [>e YrptvS.v-v.'li: . 


1 5 kuJ 

XhtY»v».c».l CsJW'VisI • 


io.”7 KiAJ 

Ssvx.j^j^o'if "t” 


S. 14*5 icuj 



■2>.2_c^ l^t>J 

fiecfitc. CCycjU)^ ■ 


\S \ciAJ 

<isvvAax.tA>\ cc^h<S^^ ■ 


ci-lS’ \<^U0 

e,x-Hvuo<.l lAeocf" CoacL 

TWe 

> e. -^Y e 

•fo’Kxl COc>-^ Cok,lcxA-^^cL 

*tt> 

'g'\ l< iaJ 


'TUjt 

YWCa^K'i VM^UWa. 

UjLo«j(* <^cax La. ipovvA c.y^x>\J 

UXWi Cc.lc^(.(X.kJl 

'|tc)ICc)CaJS • 


A S^u.\vuL 
A SSv^ Vv\jG_ 

3 'tv-e. Vaju-O-'sJ^ 


ca. c. \ e uj 
cvcoo I’s 

.LO(Ti\C. 


[i^.'Y'lzn 'Va^ 


{■J- 


yVL o 


cli.TrCA.t'cJ^ 




p-vDi^ CcxTYi'ev VwxiM^l 

cf cx +^^vv.j7<.YcA.‘kA'VC. <^75^1 

f>« Y^•V^ . 

It^'UiA.i’ lA-t£xrl' “ sT-s • 

Ttvex^f^Y-^ 4t>icvl sw/0»'«W(jL tvtoJ" r s 

i:i- 1>L6 -=^ •4r>rfs^^‘ic»o^ 


T'c>4•c^.^ Lcx.V«wV ^ • 

11- '5'i‘o ^’^^"'■‘yi^-Y 


Tinc- [q.4€1aV U flrti ' ^CvJ K '^OYV\ cJ^AfiK SOUYW-^ 
c^CCjc>ov\4^Jl ^oY 0 -\ -Po\Lc»u^ 


UOcxkv 

poocL ^^^icxycxH 'A 
(Lx V i vv^ft K'f OJ c^.■f <.'v 
\_o..\^n ci-v^ tOOk-f^Y 


To-I-Cvl 
‘IS’ !±Si 


•o2j • 

•oQ> V=^ /yw>vUv. <^- o ^ 

«*=( 2 '‘^i/ d.o-^ - 




_ ^ VI- ^ ^ I lAV _ |. -561X10 

PAClV^■£icL^ X/:tUv4 2»^0o£ 

TS^ iyvujJo^ > yvj 4"^>u S Vv-U-V^Ajl^VV W-C-C^"^ 

■^VC^ ^ U^CX'Ka' ' 


£ 2 _ 



^ 3»o7 t<ico . 


l-'i&l XIO >c. 

.’ . +Ujz V'^v.IaVVI UjLod" ^«-cL e<y^j5WA^'t' 

iMetl- c^-£i v's 

»c.cA3 H- •'2>01KOO = ■2.1S3> Vc.\\J 

V «A t UVV\ Ia^0v 4' [ ogd 

•po-Y -ftcc. vv^\u’haauvv^ Uj-ca:!- toc^A 

uoo-^ o^UiVv^ <aa1^ Hvj. 

SysK^ 4loi c^w^u.n; co.fi COA S^klA^ 

'rt\;LV<. “U^ f&’f'Sv.t l/vxolf (00^4 l/tA.ivuWHA.)i^ 

'(i- l'^ ■ 


B.3> 



Ht=:AT g.^TtoM C/^OLA,TlC>Kj^ 


o ^C^'YV' \-hut. fti'bc;.\ 

s ^'j£=<^V.cS^ be <dv^ -l-bec (j:ia.'^yv ic><2^ ot^(^ (>jU.CN.'i' 

^ixiu'X V c|^ > 4" sWc^uXd c5W -VCajI £K» V Lc>t^ 

I.OLO I CXK^-CJLAi-^ 'ciV\^ ULii2.v<£ rwcx cU . 

Ve\A b^'^' >'<2.'^^vf Vv>iL'b S CA-AvcUtM^<^4J^/'l^-^ 

Qk'SC. CA.clfit^CA^'V^ ■ loo-c^ \ ^ cL* sW ( \ova-^A 

Qv€vaXi^ ^ WuJ (SV\ 4tui oocick/v Uxb^ cx.vjv '2,7 l<CAi 

<V\ ovjvv \c><2.|d -Vb^JLAA OU'y 

cbux\A(^j<Ji Cc<\A. b-e CcJ.c^l.c<.]-eci. . 

^7 \cuo X 

V^tjj 

TIajl vw,|:x€ y^'^a^vc. cS^ 4-^a^ ^i^'* ifli^ I ^ 'bb e 

r\ACA-^ cL O^ is> F - '2-'2. -*7 <L 

Tsu^j,jUj ^ i:l-7\ -_ . 

\ 'L, t> '2^k «\ I2>Ha/^v -= C-^-uw 

|.ot(7S-5S^ ^ 

^ 7..0GA^% 


C_FM. - 



VoUaV»^ -TT uAaj^ol Y-= 

& 

VvM.6JLJU. - '2-iA^- € 


3 3 

3 . 0 (i JM ^ l\ ot b v^/ 

.' . -p- <s|^ CaA V CJUonWC^^ - \\ 0\ (:> _ «5 ,\-^ 


‘S. lvvCi Ku'^'^-b^/v' <3|^ caJi - y dL.OsV\^^-e-^ 1 aa^civ?- 

4 -^-ajca^ 5 , Ca. c\_£. IcA W «iVv OoiH 

t^'Tbvi'^ <Xe.cil . 


T-\- uJ«5cX^ +t\jiAj2. f^ 2 T>^ c!U.c\JU.ci -ftA-^^ 3>7 1*='^ 
U?<=>uUL be Cblli2-ci<^ci ^ 4-^^ CUlY too|^ CXA^cl 
-U^ >cvvAcUvA\t<j cjiftiAbd be col^ci^cSl 

fbvji LOed-CY lodfi. 




£5 




.COLli " 

PLATES 




Ai V 
\ Oc>|> 


'blVllA) 


S Aa<^c,W. 
A'l V 
L odp 






•E V 


Tbe--it>-Vcvl Wa"V toc-A 4o Uc- >r«^‘-eck.ei '=A'^4 -Ujz^ 

<5.\/t*|Dcnra.4^ I:* 2«h \<_o0 . 

\<-\A.O(jj{w^ 4 "Ll^ ^-eiAA^YoJxvTC^ * Ca-v^cA.Y_ 

cxve. 2L^ *c_ cx w 

yvux^ YCvi^ Ccrt:|:i OxUa b-e Cc^lcciciW-. 

^ — VVT Qx ^ i_ — T I ') 

^ ^ ).vS!fSL 

CpCTk.-T.') 



£ 



Tjl { s 4r> be. cxrcj^ve.Jl by ioci|3 

<^Y7 SWV. -Ha-c. oJ > . 

lC-Vv.OUOi 4^-^ VM.CcV^ -{^ocjO T«=v|-tr ’xwA-bvjz. 

cw- -l-t-oz. ( wv \ Ji.b 4-^ ^ o.f^ V 

+e/v^..)«A-0<i^v<. o-f S-tc^k. -5. tx. 

-- X + T> 

rv\ c^ 

^ -k 7 - li^ •5"’c 


TV! 

■- lL,-S'Vt 

"b 

\ 

Th 

- 


fNACp 

T-i» 

'2>7 



1 

- '2^~L. C_ 


V- - 2.-2-‘ 


^ by 4 Kjl TC^ is. \‘bk<A) 

T\ =■ -L§. ^ .j • O 

1 'T ‘ - 2.s‘'c 

4 _\. 

,' . 'TIajj. is bixLc^U CjlcL • 


E7 



i^\A avevt^^ |sC^\k S'\y^ ^ >c Boca^ 

LO oCt:^ oJb>SUWuc <^ . 



CtAS< cv 


^ xsocvv^ \So<ib cw^ 


U-^Cxvl* 'p^AA)C ‘jy^w^ C. 1 j 2 -C^ 6 V\i cA ^ (^^laa ^ Vxa 4 ^"(“ 

s.^" ^ 4 -^^ VcxVc 


I S CV .1 


"Cvvi 


cXa^ CtolJi |i(.cxk Oc>[U.c{^ vsoo VaJ . 

To ^\U^\r Co Uio.Vfoo.cl. T>1 

2 .S coVj. ^IocVa uosvAV'k* %«=i/.o;v«-V ■ 

=c^ ^y/ ColciUc^{<^ - 24 ^.£,'X' 2-5 

^ f-sM^ 


ywcc-i^ Lbv<o Y<s\.'|'^ €.cvc_^ C.o>^cfi. 

(joIU (>€. 

V ■ < ^ S _ C> -Q>^'TZ.'<^S . 

JLiv^K.S< 


CtAJt 

VLx.*- (j-uJo-t.^ ■f'KtVo'i" Cig'VA/'-cjcf' kk iL (o^f-Oi 

O.Ot'>€. - C^ S~''C'VV‘ 1^ I C\ )<.'>^ 


E 8 



rv% - A - 


A=^ _ 




- "V 1 6t> y. I D 


V - ~ -CAll 


(.0 00 ^- 146 x 10 ^ ) 


^ \-qnn^s 


I ov !p-a^ -^lo^ *>2.cwclcj, 

Ct 4-i/UC •» «. c. 'VV. CjO Ip L'^'VC-^ CfVv \ ^ ^ ^ , 


A- 


SPv- 


• ^ 1 - 4 ? 

\. i~r^ (icstoi^ 


1 bi>- I ■ CLv^\ 


cJv 4-U_t |:i>v 4 -^cnjV vUva V^vIn'ccJjL^ 


YVA -X |.\t 5 

A - ^ ‘ . 

\^ooo^\ - i/A"^ 

I ^ "Z '^A’l C-W\ 


^ 7 . I X I o 


Tl^ lu.cL'u;iuJ |L^y '.' 4 ^ =->'■ 

-HA.e. v^yK't=.\ w-»e (-rvvvUv.^. 

. Kov* j^cwb^l ^ipcA. 


Vevkc^\^^t«^ • 






TWa_ Lvc<-^ *fcs e>v€.VCiiW0». 'V^-UL Ina.c^Jl 

(AaaJL (fu i' ofl' iV-\ 

Pov-VUjl c^U^^U-jc |i»|>c)i: V I - 4 «\ 

oc>c'is''vv-i 

^ - I- as (■ o^63 r) 

V X V 0 ^ " ‘^^4t.Sk 


e = 


• toi -(4 

"<£> r> n < yr 


£ ~ V 04 t 




-1 

7 - 2 .C^axiCi 


pjrcs>v\ yM.oc>ci^ cJU.Cv-tK ^ ^ 


K. - 


l^i»jj€v~ XM ifc>? ^ 

^ -?>s '^ ■ 


,(-> CK^iv^'Uv vwc.i^wtv +>^ ^ow?> 

|lT. (xU. -Uxt, ^oUt.<)- - 

?ov-«r-UK<l - 


E ID 



dALCUt-ATtatO-S. T=^C>R. t^OCnMC4 


To cclcJLc.k 5^1-^ 

aJLvcIUAdK , v«y^'vCv-iu^-K 

ev'CAAj l-e^/€,\ ^ ^ 

TtAjj_ ^VoUv^e.^'c vs. 3.'Otv^A/^ 

;V- 'is cliUcijlA -foVUvAJS 


\g-Vg-\ 

o 

\ 

z. 

3 

4 
3 


53 

S'S.'S 

\5S-Ci 
\ gS-X 

m-3 
ii \-i 


NA 


(<^Vs') 


• 2 -(.:b 
335 
■ €. IS 

•73^ 

. Q.%i 
. A73 


fc.aclA t^AX-C-'f 
• ol I 

■ MV 
- 2-05 

• S 
. a.'Z-Cf'J- 
.IS~7 


SIac^ 3 ifwxliVv ct-M.c7bs ^ ^c-ci^ 

(JIaac^” Cj^yvt O 2- ■ 

A-S •HaX V\A-«aAVa cLoc6^ 7 1 it<- 

levoi c> 4 d levels , k.c».v-e <=lo4/)^ft^ Iv^ 

4^ kds_|i 4 -^Aj^ ^f>^d. c5^ 44 a^ 

ColA-ii Vo/A. V" 


CXa''' 




'T^'^ veLotu'f^ 4 ^aji vvvo<(w JL/-ci' t^ ^-Si- ^/s. 
ck fffiv 4 ^^ cIaacI' 's fc>- ( 

1 <^A/\_OcO;K^ 'j-tvJi. V&UAW^’fvrc caI^cA 

Velc.t>\-v^ , 44^ JU'au^kyv c^AAC-f 

b-e. cc.lcJ^kJL *=^1 


NA - V A 


A '- 


V 


\ - oX 

7 . 6 ' 2 -<^/s 


• 1 3 »A- 


iw ev. s'wvula'Y v^Aav\v>JJ.'Y cvVAA.ci^'^ 



-fLvjLAj* nr!t^ ) 4 c>vv\ levJL,l Ci 


CaYC 

C0.I C-LA. 

Ua-UcL • 

-Ul^Lc. bc_lcoAl 

^O^VA^Cl V ' 


c OV.I CjIa.Icv 4 ' C.W ^ . 



lev€.\ 


b^v'osXWLWv Qm ) 



0— 1 

101. 

. ki-L 

\. 


1 

■ 

0 MC> 

\S 


^ -S 


O'^l 

12. -Ci 


3 - ^ 

0 - 6 ^ 3 » 


'- 2 _.£> 


A - S 


0 -l-t 

!:>•<=> 


s--^t> 

o\SiC 

o-xo 




'iVe-se. ji-YcJiiJA-ve lo^<s.e_5i cm-mJl JljA.c'f cLi'AVM.t'i^'^A 

Uo«ye ca\a^UUA -VW.'TvcW^. 

C^ct CtxlcAA.UvW C^v\'c^ - 


E \Z. 



TV\«ve. CA.-\e. -2_ bYc^wcK (JLajlc-V's dw e.cu.cU yv\c^j 

Ju^c^ evev^ -^{>DoSv . poor bvc^uj^ 

dlu. cW velcsci’KOi 6- \ »^/s uJcx^ . 

4zxbLe. b42_lov-o suvYv.<xr» ^©lo - jc^.'U-s 

JL -bti^ dU^cf dU 0^lA^«.4C'Vi> •'(tSV LcvcJ ■ 

M ^/s rUo^VUiP-kv '?‘u 5 is( 


M ^/s 

JU &.v\.AC^|©V (vv\ 


o - oSS3 

o • o8S 

1-S 

0 • oSSS 

o • W 

5 \ 

o • » 02.5 

O ' '^5 


o • 12.2,4 

O • 1 C 

■»>• c> 

co • 1 n 4 

O • 1 £. 

S'O 

O -07?? 

o ■ V 3 

q. o 


pgNA bOvjOQ'V yg<^^UAY-^yv^^M/>-'^ 

TIa*. ^c\ia (sc,o/<^ 

V^cJUI 

c^ I V. « +Loi. t>v eiiw- e tos^ ■, ^ 4^ 

• 'Fycvvi •T■v^^A«, c»v. 4 <^‘''a’> c 4 <^tt 4 n 

(v^ c^-eJ“ 4Vt v^uXt^ . 

le.ve. \ 'fStSiu'^c C ''^Xt>© <J-'' «^«t-M.cf ) 


lg.ve \ 

0 - 1 

1 -" 2 - 
2.-3 
3 

H-£ 

5 -Tot=» 


• ns 

• 2 . 7^0 

- 2 _A 4 


ElS 



r~OV -WaJI, YV^OkiVA |^’Y€^*bU.V I S I S 

V 5. 4<Uc,f . 

?C>-V 4tvj! »^aa\u ctucTi -Vtva. jj^tisuvc loss I’s. 

•'^T \ w fi|jUaa.i~Or . 


^CJV bvai/vcU ct»^c,4v^ Uje 4^ ’P&llcu^^ 


jev<£,\ 

0 

1 

2. 

3> 


iliikve (oi.S W W/tooU 

\-e 1^0^ 44(4+) 


‘ °\ n 

IS 

• Q>-i-\ 

Zl .\i. 

•^4C 

Z6 

' s.^<; 

• 2.4C 

2S-28 


1? 


A^lcUtA^Ci Qck(Ju\ Jiu^CA 

Wa.uJL^.'^!vij &CiOo.O(jcLxc{s^ c^ 

bve^yitAV^ LbS^ 4 ■ 

we cJUd \ou_CUO 4^ 

.' . 4^owa cx Iji^wre 4^^A C^vve^ W.L 
CO.IA j4VcL 4^ |>OWe/V \AAAclecl ■ 

TW« e Uvs ^ 'i. V 4 4 - ^ 

b-ecAcU -f>cuys,I +4^ fUorGt^gk 

<'. ~T4vje jsve^uy'^ LoiS <-'a ^vAi«>!fcA. . 


e \4 



STATIC PRESSURE ( IN WG) 


BRAKE HORSEPOWER 




V V' v=ViT:l 

.V ^ .‘V ■' 


i 


MAXIMUM HP 

[ h CHECK DRIVE PACKAGE AVAILABILITY 


AIRFLOW (CFM) 





S9CA06 
MAXRPM 2000 
MAXHP 100 

















p 

^ . 



12.00 1400 1 


f-YOWA 4Wc_ CxV^OV-e o- jiYOirl>U>^ loiS> 

s[ja.o IK -UIC, ^ cJL c*^ CI^M. 

uoe Oav\ l:\A(k -VW koVSr<.f^CV^e.V VvJLecUd- 


W|p ^ t- 1‘5 
VovAJLe V — 4 • S W ^ 


£15 











E.S 


ClArLCOLArT\t>»M S 

Lo^t> 


1 C> 0«-'^ C-S. V 

(oo-A -('■^A-e 4-©r 4si^^=x5^S. VtsWiL (s c\JcS^u~^VA - 

'(~<rv Ov. V^-^\ Vv. I WA,L^Vt-^ ll^OwcX te-OJ 

U X 3^11-1^ - ^2sHy^y 

- 2\(^L - \*o-7'^/s 

l-dlCtS') 


sy CL Y^ Cf 


VV\ 3. 




Sk=J^ z. .)t» w. 


'tUjL CaJ^'^ l S. 

T«^. -. n -.r“c 


'*S>. o7_ 


B\7 



A:^PtLNil>\X G. G 


M^S S> C^V-C^ 3 Lf\TI c >»0 S. 


NVo.^S> cS^ 

AsSIaIA^ cllu-c-'fs o>'>^ VW>-JC>^ oXiAVvn 1 UVaVVa. . 

A^V€.V^<^ -C^'c^VAAJ^'i^'T' 'firv v^CaJAa. cJaa-CjI^ — 

TV cL - 1 . 0 '^ 

A"^iVU.VVA^ '^A>v'c.^c-^A^J>i <S^ '^X \.0 yvv 


\/ =. 'ncLt't -=-A'SS?<.i 




^1 


-. ^ -- «-MS 5 Xvo w, 

P o^ b>c\wcJU> Wvt,( c> 

- . o&‘t Y^ l.c. 1 ^^ 4 ^ ■= ^ ^ ^ ■ 

v-^ttAlp - ^ 


-ov •^>Jb^c,-b» V 


To*r 


4 jc- ^ 

(^.^S'=HXVC> T^ 


^\yw \ltvV Cc^VcxAlcAkcilA,S -Hajl V£>luWOlA esj^ oJU 

cA-^-AJ^yv (JLu-c4:S un/CvQ^ Ce^lcx^i.cv.|coL^ • 


1 - l 2 




L 

b' 

2\U q 

1 

' 


r 


"vUt/v ®.VC_ ^ Uaa. djov^h^. 

i 

CX-WaUa-C JlCA''yjAi ^ 1 >K(C> - 

^Xj>^VVV-<. ip\ (X'Y-^ YVLOkjL^ ^TT^fl^L^MtAUA oJjU^ • 

^ T (^ 3 .y {0 (2.o~^ (-i>xic>^^ ^ Scsfiilti^ni 

LajVu/^ JL - 4 -tL< <s|^ +IX(j». ]p< 'll 'Zjc>y^ . 

r\A V , oJ/ue/u^ -S. qi 4 -u> ' ■ yvA ~ 

|W Uoi^jmkl ■yi^vvWA.u^ ji(|>tJ-^ . 

Cl-^Sv-^WU— <5^ £> Ck . cX/A-0^ - '2^XC6 0A 

W\^gV - 

yvo -r 5 > 

^T 6 t ^ 5<^-8 4 - " 7 S-S 




■Kx-Wc. tx€.looo • 


\^ivc. \ 

0 

1 

2. 

s 

5 


V-roT 

— = 

\< J'tc\ XVD 

l\.\ x(.o^ 
-T. 

G •‘b7 x\ t» 

~7- 1^1 xvo 

— 2_ 

6 -5 Xt 
i\.-2_G>do ^ 


■{^4‘c^l \J CiLoUw^-C. lo>^\Wvcjt\ elA^ci^ 

vv-^cxi cLu u"fs \ ^ 

-_ •Mq3>w? . 

Fcy tr-^ xkio , V- • 

2-7 60 xU-qsxvoYw ) 

7‘?7-qi^. 

J^qGS o[^ Geald 

V- .So x'.'^ X .004* qXlti^VM 

- 7 geo \^/yv? 

jvv ^ 5 \; =. 7 - o"L 

VV-toT -- 7«oT_X7^r^^ \7C-S" ^^3 

VcA^\Aa 5. = C-7>7)ct6 IM 

» - 7 . ctl _ • X G, •S'^ 

C* X 7 . ST 


^2.0 




T:>Ov;k^ Lu^KO.'v V^OV CffVA^>CM\ aa 

LAif\l l-S-<. [p^^0^^iiC<L ■ 

Z . hA.&. )C t wua-WI Co c^-<^ CA^ Ia-a. ^jVa-V ' 

T^ m j><ixxi|uve JL {-\\ 4^ol s-t^^^wv 

~ ^®c . 

A. T^AAferr«duv'€. 

osA^ci Y'e^'^ah’dVA -=- \c> • 

Pvo^ -U^ oJobv^ duirv rf-H^ v4><rv 
1^ bvgjsa-^ci ,'V'^Aji. r<^dL'c>Jbv 

I ^ 1 c_ '2-'^ ^ 

' vtvcL ~ 

Usfu^ T^c|^la^ <S^ 

cy -. t ■ d- - A C^volcL^ ^ ■Ts.lv.w ^ 

\ S^l V\\c, J-U^v^Tf IA-A -[W 

CA V ^ Y b' c-«A. 1 v<a X' CA-'fcirv • 

"TP^ Ck^€.ck. Y-P £^/aAY^X ^ A-Ca_JL |Ax^£V/C i vauwia. 

loO-C^ UJOLb 7 A V— ■ 'W C^^V'A/vA'^cl. , 


FI 



7Av(o^ C' Cs- 6T Xf C’^63>^ 

A - xvt 

4 ^ 

'TIaa S» Os,\ ^ C^ C S 4 'Ia_JI. W\UV^ _O^V<Lcv "V <t *'c5l 

\^-r^tcJr 7C(\^^ i^UJ^'V va^v\- {(^4-^ 

Vc^K c^>4v«<>lc^ ^W.VeUcLs^ 

Av C^vci;^ ^ -W<-». vc.cU'ow'kv 4 -»xL fc w. VM.'.v.;,i,iy,tA 
CKAy^ cl oJUb Ccfv^lM^Jn’&VA, 

cv'Yeo^ uOcsJb dUoWOl^ ,^'^1'^ 

M o.vecv ljUocOi. J»/ciLcl 

'K Cc^tcUc^-k OiP€Atxkw^ 

jpc.'VUw^^^ ^ Vc4>(fV.CxiW^'><P^J6Ux 

4r^ ^Iwlc \^\^^YcJvy<L 

JU^KOlV U-C>£5 ✓n (^3'2_'i>') loci^k S^TxC^eJi 6^ 

'IkjL. Cc5W\|:>'v V dVv t>j t- U- jp><.'>iA.k 

\Ackk kjico( [b«=^cl cJ: U-O^VA -Ub< 

'\<^-Cci-ec]L - Hco.'l /v^exL^-k •\-UJio^'h 

'fVowv XC'^ AA) <rf Ic cL&^a^ cJVv k-®- 

A • & ^ 

Kc^x Loc-d - 7^ 4- liT- -h (SO (-7^ - \^00 

cSi'l.CL. clcsvoe^ CA^cl 4kjL kc.cv'l" ^.e't/^VrJsk 

CocloLicL-kd. k> ^ yv(^vt^J^=^<yv cj() J2-/^i ^ 
kAA'''-|^^^-CVC,^<lu Y<-^ . 


F2- 



A — <- ^/<=^tfV GsnA|9>€&il^V 

S'-^^^-vuv.<'OOcAi cLx W\ ia/vA vvjg. C^ • 

/V-V^VaA^voJVo v-<_ iu'{)V 4 ' L ^ c. L>Jck^ 

V tjyuAi'v^ cX . 

\-VCJwA 'Ha-A O-UUxJL^ i \ sWc»Ui LA IW Ar^^POA.ciu' X. 
TI'A^ vv/^\Au^/y survey. ^-U/^|vtA'od"oY<. 

Vtd lo-^ C 



APp£.t\)OiX F2 


D^S\Gnj of UP^VoR CoMPRESSiOM 

SYSTEM 





ENTHALPY 



F L 


PRECEDING PAGE BLANK NOT FILMED 









StA+e le-AAp (^°t) Pre^i-ireCMPc) £a tt;<xl(y 


£a ftxxl 


O" 

O 

40 
I I o 
I 00 


0.3 
0.3 
1,0 
1.0 
0 . 2 

O. ^ 

0-S 

0,6 


O^ifc^e) li 8p 
i ^ i« fZi i 


35^ 
3 77,7 

^ I I 
lfS«J 


u ^ 

Q^Sva/vv^I'^^^ '^- re,^Q(-5 cv/-£. T’O ’/ ;j/ 

•■ H^X I P,.. J 

I^Ke „oor5fc^,^ 3 S l-<^ e op^c4xi^ ^ 

twe e^cro 3 &r. 

. , “f 7it few of Ir^t 

lb ku7 o-f Kec^t lo^ tUe TCS , 



? 1? 


9 

(Q ^ nrv\ 

( — k, 

Rla ^ ^ 1 

; 


_Q 



~ k 1 

f<a 


■^k>3 C k - 

y 

— 

0.11 4S( Jii.T- 


ao .4 Kw_ 




'J/ 


-a 


4 


H-e^VLce. IWl V<"c».tA.spor‘i-€ J ua-4ad 

+ = <Slt3o.4)kW 

= )Oq. 1+ K.'^ ■ 

3 as^<sl WaiS U©o,T hriXi/vs-^M ClX^cJ "tKt iaa£HSS 

fcu-^ ^ y 'U/v-e /wxc,^ -plo^ 

l/s, tirv-e. ^^^SVcXaC 


'CO 

<0 


a 

f V,-. 


4- 


'Y^RM ■= 

Wf ~ ^>s 

'%ii ^ \^/ ^-n .1 - aiHO 

L_ h-\ \ — 3i"\ o 

^R,r ^/s 


^KU = ^fin 

=- 0 . 2)03 [441.1 1^_ i^n. Ill 

^Rii = 3 A- 5 - Kv^~l 





~TotraL Cxoz-v^ o'' (jO^jr'K "= j 

C Mc<xi aa_u^v^ i Oc^J J 

lotal keo.-b fo loe r<2.^^eJi ^ 7 ^ K Ia/ -f 5^ b 

* |C03 

- 

The sz. fCoJ Oioo^^b foi-looKv. tk€ ke=,-f 

T C(<jA.C ~H~a r7. 

fSa.J . 

MiM(MuA/i N£>^T LOAfi 

1\aVcl^^L ^Aecct =. 1 SL KVaJ 

assu.v\AV^2 lo c^--v\|or^^sDf^ e.f (^cievxCA^ ^ 

Cvi, i/vec^f , ^ 

^ t O. 5 Oh3 = —L. UJ 

o.a^. I 

^ ^ ~ 4 r O ^ :-. Q . ^ k. ui 


Moo^(_e = Q. ^ f 

"T TCJ 


- ' ^ t O. S' ^ 

J 

i; 13 . Kw] 


— G^ "t O. 3 (^ 

~ KVaJ 


F ^ 



P I /vA g ^ Lo> Q-f- Co>/vi |3 .’ £\/apo(^ATo/^ 

= C.,^^ <=o , s\./LC« u>ork;-^ fUi'X 


io 




<^$d , 


C-v^ifU ~ ^P c. 

TWe. ColJ ~p LuPol tji O-h ^lov-O 

^ I ^ /s’ Ao^vaij'iKoa- S^s"Vtv^ ‘\^jii^ 

c »Aa f ’ os X ^ • n 1 j 

^ k. 



0^ 1 RiJ 


OOojpe-T 


1 • £ [T,, _T^,-] 

M I o UA 






© > IsCuJ = l+.S'll 


T~ 


^'T,n 


4- . ^ l 1 K^ 
i< 

T =r a 7'i K 


^ '3-f^ -[cr ke A ex cU» A ^ (_ ^~J 


F \0 




Ki-fe-rCsAC-e. .• 

^ ~^r£A^c|i 4 r- 

X) e Co uXt 


For- <f = oO, MTO= 305 


@=> UA - 10.15 

do>^ rg 5 SO CS 

OOor-K dc^e = 2 . 0 , K UJ 


I5+ 




^ ' o..^ S. ; COo r-\s ~ Sd ,5 I^VA^ 


C_o ms i, ^ r 


P 


■Cr^^ 


/V I ^ 


E OL — l o y 

• j i r. -j-dt-^ (5' E\ropQr6x-krc Co.-vcie/^y.^ 


|i^ 


. 0 

40 <r 

40 c 




V yVv V- ' ■ 






RU 


% = uA( 

t * 

^ tCLX) ~ lOSf.Cj- KuO 


1=^ W 



OA == I O=i = 5.43 Kiy 


-L O 1 C 


P Q ^o-'kt Co^c!^ 




L I 

— “ ,^t A/'i 







r^ 


1 ^ I Q^ 4 K VjvJ 


^ = OA r T _ -p 

' * Cov^d [ « 

^ <- UOli; 

UA ==. o. , ^ 


Vkr "" -12^J<^ 

'5 )::. 


^ C ^ - 1 o°c^ 



-'Vv/\/\._ 



V V 'w V 
\/\A/^v 






6o^C aD"c. 

^ CTc.„. 

~ :=■ I = 3 .& 0'-'^ 

^T lo Ic 


^ U.6 K^ 
K , 



F'PPtiODi:)C F3 


SELtCTio^J OF U)ORK|t^6; h-LOlO 


IVie IT&ri.o-^S LJaN-(Ci_Lg 

FJ^cis c 

Q Ev~^ I'^^O ^"<5^ fvTY \j£^ = 0^ C 

Con'^ens^ ^ 5 ^ 0 ^C 

^ ■^-^r^p - 50 *^C 

C^^<=Uyxy:uu- fer^vp ^ liO^C 


^ ^ U -u 

- 3. ^ 


w 

ir^ 

o 

Qc 




cro^s ^a; 


o^(Trcx|^J 


' - In 


c 


Clc/lD o5 Corn 


no 

Po 


pr ^5 


rOV 


h, -K 


F 1'^ 



0 EnjQ po ra -( ids' = O^C 

C * * ^ 

Of^cl^ser 'terojD^fT'ov'K'^^^ = 50 C 


LOo r"k \r\( 

F-t u 

R II 

R 

Rai 

Raa 


Ffe ooe.r 

I y 


0. aa 

O. RR 
O. 33 

o. r(o 


a) .,0' 


Food 




UbrlCvo^ t-lu, ct 

R '1 

R 12 

R ai 
R ad 


■5oo<er U'^ p^i- 

0 . 1 ^ 
0>2L| 

O. I<^ 

0 . 


F VA- 




APPEhODi7( F4 

CAl.colat'iO<vj^ For COrOTi^oL DEvlC€S 

AFO Pip\MG 


CcD^^\ t-ol O-f t:V^e Ucxpor c ^ n^pr^SSlo^ r<fi^^,Ve-l 

tu^ IcK^o/ c[rx:>p^ 


tu^ IcK^o/ 

^A<^^,Vv^-^^ ocxlux^ of 8^ Ci>^Ver^ -tTcs] 
Tfva. t>3ori\ c_o.s-e <a^\_o-Lus^lc ,> per feu- 


l4Aei^ t^ors^ C^C ^ . 1 ^- - r i, 

iMaArelg, ^Ke..^ kek |o^d~pi 

--Or^ 'A^rv-Mrviuw^ 1^ K u] f,r^t<lr.J 

Hs C-0-lo^i(xVe_ J -O^ f\^pe<A_o| \ )L F 

%'hA^Vo 33 tu3 

‘ eo A/\||:>r CS5 i>r 

P-tecvse Ovv, o Uov>:)v■,^^ \^o^(2- . 




- 12.5^ kbJ 


lU 

^ O, U3 1 
=- ^ 

'^ekoo^ rinjJn. 


^ OQ, VU ^ 


^3i KJ 

-r k 


o. a 4- 1 1 ^ r -. = O • i s \ 1^/ 

r L S^U -:>io j ^ 


F \5 




" H'1^> cw 


'So 


CBotV ^ Y^ck^ L/^i:er.^o,| 

E-rR 1^lPe 5~1 -£l»OG, 

Os'i'-t^e^ ; C-Op>ptLr P-^pC 

J'or 50 OD ; 5‘5 KU3 
J-®r ^ O rv> O D j I ^ S' 

CjD ^ I i ^ ' C^ y 

' pTi 

^ - IT'IO <^/^3 

O OS'-T T-i 

A V \/ — -ynn 

^ , 

~ O 'r^w 


V/ 3 


r3^s iq 


'O i 




O ') so.^^,v^ao.c 

^ixob-c^c^ cT|^ ^ 

CPo C.r-cU^cxH^ O l>OC.p 

4.1'^vus = _ O, 14 -q.S S 

c^ D , C 


F I 6 



Co o 


1 / = O' 




= I • ■& ^4 

-ti'iA^e = lo /vy =^ 5 ■ 5 3 

I ■■% 

ric-tiu. ^i_^| o^lrof- -f-Q(- Loop j_ 

A'vv ns^o_.’r-ejj/ "tb uar^ 

„u„^lx. k.^ i 4 j 

1-5 ^ Tha 

, , rw^ss l^Iv^a. k^oi 

LC>CA-of CM «^OCj 3 -Kci o A 

( '-'o C\ t^iAlnAU'Ao. i-^, , ^ 

^'''Ce^ = a II 5 1 4 j 4 


PncK ^ 


= 0 . 71 ^ Kj/^ 


/j^ ^acc 


fMcxx 


0 

0 'r 7 . 


acc 


nr>'\ 


'V7'^ 


*^x ' ’-eooo 

=■ 0.79 4 ^O. Ii 5 j « 0 .G 7 ^ 


\>r^UL to ope.^ 


C*^CCca 






(cxW = ' 5 . S' j. 


t^o^ss re^oi tc W. skrre^ 


5^ . 


b c):3 S.l^- )< 



F A 7 



{-nr Loop 


tA i:i/Ke Oroe^ <^^Ovx^o.l«xKs< O^c^ 

JU.. U^^. 


'TW 




O.'loB 


''^tv^,^o - 0-13 1 
N 

"^‘^U/V/V IAAA^S 

b 

^ ^ cou aalxI cxK?r ■=• 5 • "S Q 


5 c-c ( 'VVa ~ 

\ <5 \d /VCxP 


- ^-53 s(.<lo3- .|3ljk, 

"" 4 ,aG ko 

b^ sVor^J U^ , , O' 

'=’tJ Loc>p J 


D^* 3 lc 


Ovjitg^ Loo. 


6^SU 


I ^ loop 

(>^lTh Czirr 


» I M ^Ur'mjyrdS^cr 


RIIV 

l&h 9 < 







Re^iu^ir 


S'! t^uj =^ — 0.115 

; 0 _ tt, ^I'wJlaivv C|VcL.^[aJ\Tf, 


Cas^ L ’ 


‘ ^ ^ ^ Cs <o-f (& .^ r <xf Co 


I 






I r-+i 7 -,i ..4 “ IQ •'i 

> "CKe p»^^=-ss L^r-e Oo'vll c^Wcxu/v^o^. 

TV\S. 4^-fnckilW. \'i 

'^-r ^ ^ 


O.o-oo^ 




So 


=■> ^^ ^ . 


>rov 


o I ^ 


^^4 =• O,o \0 > 1 : 5 ^ 


so X ( 0-3 


X v; C^4’} 


( O 


H-Srg 


A I ^ G> S ^ 


"ii ^ = ^-4 

I r e, s 5 u f t!, c4 f^o p 

\ , a c, 

V =■ _ r>-n 

6 '^ 1315 10 ^ n , 


F \ 



\J =■ m 

0 . 4-58 ^ 




^ ^-<‘1 " ' ^' '"A 

). 115 kj/^ =-> \=0.aG3 


AJ'a) 


o. 


» I 


Mja ' 


p 

■to a , . 

J ^it-Trior, rv^cK/. 


^ ' 1 I i-r^ (PC 




^ • I 3 k )Vv 


'^■<3 .a KPc^ 


ta^s diue bt> 

r~> 


p , -r KPo- 

»-3oo,a KP, 

M H -- 1 

- = 5 > -/^ 

M, y ^ — ' — 


o. 


H, 


AJ, 


rv-K. 


K 


>n 


M, 


=> ^ 





so 

Hi 

t l-3C_i^V H. 


O. M 3 


^ 300 Rp^ 4 M, 

= ■313 RP^ 

/ 


F 2-0 



■ = 4^1.3 
H , = G. 4 


I TToe of U5IA4 o. to loott^ 

OJaroc/vx^ p^,^ttO/V Cxv\A (XAiUA V^oCvoS flo^ 
^<2-cx i I lo 1^ , TVus IS be.c.<a«-xse tWe 

5-^ KlaU ci^cyvSl 

l^z pr^.^ore. L>,cje^ L>mj k^k 

TV>e2.rt£X^p ^ — X. ' ' yi * 

p ^0 4^1'"^ ^ Cy:i r~ <e^G <^ic Qcll t-iS, "O 

ct.iir, 0^ c-oo AA ^1 ^ 4c) \Jo\r-^ f io^ 

Pu^p.Ag 74,^^ = 

?r 

- °-'!'l^ Ml/ , 5_Qj ^3 ^ 

<£ ^f~r\ 

( 0 . 3 ) /S 1 S.C 4 j/ i 

cdb 70 , .,J. . - 

• - -^ -y ; = lO ^ , 

a,c{^'\. \/ ^ rt ^ . n a . " 


=^ 0.^7 1 


0.^7 1 

tl iT'-X-e. ■=_ I O rv^ <j O -I 

O' 3> J> s<?c.. 

I I ^ <f^j 

'^i/V 

=^ 0.(b7^ P3/ ->^g‘53) 
= S.Ciu Cf 


F2_( 



F -L'L. 




yVAA lA \ I o Va ^ I tc 

djp>-e 'y-(xh’ <s|^ 4^-^'— ^VokiA-^|3 0'4' c*jo4i ca^cX 

PY(W^ O^IP^IacLaIX.. (— ^ CXa>vcLP-L 

(D bcsA^ s4T>-C^-€_b> SCAJl b-i-Aj>cil , -Ua-^ 

LO^syi^iv^g .^4^’ cL 

-lY«iAi|^<n 'h Sc^VcAAA — o c_ j^TVcicL ~ -I ^ 

(^ P&-y %[^(j^JL cj^x^rrcjn (f^ ^~Vj^^juJ.A.~ ‘ <l^ 

^ FdSY boHA. a(?Jt>t^kuvg 

Tk^aJcJL- 

- 'i^'c 

S((A Ul 4-^aol Ca'VC-o^ V^cL'o^.'U'V^ LOC^ 

W-t^OUOY\ ^ c\a^A- -U^ bCwk -kiAA^TTCAft^V*^ fW 
cIa H VLAJJ-^i '(4aA. / (4~CO<=^ 

^oS>£.^l;iXx cjLsL4--«irv'-AAiA_ij. -Vbu_ CAii't<. 

<S^3-^/vca. I~) cfUv o— ^ ^•^TA-aa ^ JoCi^^ . 

LXjhl LA. CA "i /U-Cv^i-V <3VA 


A. ^ ^ 

"V '- ?L /!V fir- T-. 




F ^3 



t\jLc_4 /Lo 

\ U4_jl cr|s^<jvc\A‘ <A -c CV.VJJ, 

\A^’'^U^'f V(i»- H’ cT^ - "7 ^ <aJ 

*55v' cyO. (,o CaJ 

:2_ ^ I,T_^ VotO 

poV Iaa ^ O^^VcX-b 

7Zjs >clo^ C-O 
T^iulc ^ 

OJUju- ^iKk -kvu^-f2€/r^4r;»^ ^5 k ^ boik 

CU-ou^ b-€- Um^ [poJSr^r*2-i^\ ^ 

pcsv^ >S>V k.Cf'Cc, %\zs.cM csii^'Vijsjh' 6V. 




II t 

>cco^ ^ C'SXS-CtkcS"^) (^SX^^Ti'Kb) 

Ts\ia.\c., •=- Z6^■ Ic. 

. ' . [)-<iY C\AA.a^ S.\ V\ Vc. P?AA>^>(/Vtx4t'YC ^■'S<j|" ia.^OJ2/V^ 

■^.-G P - \C_ CWv.cL S'S V^ ! cTvJL^ ^ ^ 

Spo^-^ (,'S cS^VA.-^'^' 

T-qY ~K>j o St'P^c^ Yc-Jn dv^ 

^Q S'^C^‘G>--r>eto^^) C^^sX7>ltXs,v2j 

Ts.\vaIc. l<; 

p*:>v 3A uk 4-^ iX^YcXU-^vC^ bX ur-^-OjU^ '?»'2_7i Vc C\ uA^ 

4 -^ 


F ^4- 



USl^^ <3^^ cXje.”Y(u^ci r 

f^Vv Vtl-C ^ 

V cL». c^'fsy cxJi^ ..^aAA^c^' civA. <S^ a.uo-1^^ 

Cs_i' (✓J^^'ci^ T~5kiM.lc. — • 3> Ic: 
U3 c>->i •fTioviJs, . T>f oo c^^ A-^^usct" oJ" *=< 

-HA-<L^lvvle 

4-^iA^f?e Vlk.'fu've I 5^ 2,6 L^."^ \c. 



fiPPtM 0 ix 


MPtSS pouoti^ CaLCUUPcnO/J^ 

Fo^ Tf?.A.(^SpoeT S'YSTtM. 


TWe. \A-a_o_ 5^ GA-F rpcicxV^, Fra-^spor'^ 

SW 'O V-AJ tA- ^X>VjTw 

r«|>o.-t < 1 ^ bs.\o>^ 

£u 

ApOf^ATo 


p\.^»jLr£^ Q.~j o ^ tKe 


TVve, 


of tPe Ke.cvf eoccKa^^^ 
be rej_a_ir<ij to -tlve. OA pc^rivwe^ av^/. 
tbe \ra.W/2. cbJ=>->AA..«-fc^, A AaU 

LOxjejsl l^ 0'0 3 ,S 


aa- . 


TfcN.e AropW, ^e^c^t^^g the rv^o-v!, of (Iva 
Uio-fr ecxeU^voa^r -to ts\e UA p&raW> 
of -fc^^e Ke^ cka--^ skoeon 


lo^iLo V-O C 1 u.r^ p 6 -'J_ 


- M UA D^ 


I 


Ar 


ppeo<^A_K P J UA CO p 3 , — . 
U A - I O, I S' 

F- o ar-< 5 ^pU ^ ^ ILlOO 

' KWrw 


a 




Specific Mass Parameter 


E 






H - \L+-3iO‘T.1 >C 0,0 OS 

Heocp - 35 5" 


I^^Cj_ 

o\z ^ «^ e Co <> so(*^ 


U^'’“ ^ 

' l^i- O.'^(0o.i+-xio (a 3;^ Ih 


r^f. 


H ^ 

C4r^p 


C Hk) X t 

~ ISTST" ; ^ lb 


74 c, u; 




^^-5iusk<^ / 

Fro--, ^ ^ = I50o k 

M kWr« 

'^^x - M OA ^ 1500 '^>,5_|^5 

ii 


V\X 


1 ‘I 3. kA., 


kw-m R 
y o.oaSty-, 


3. S-t-^.^e o^^pg.irss’oe, 

^cp -j^l3 + 0.1(3a,5xio^W j- 


F 



RadiA-tqc^ 

U/V - ?)o I (Vj ^ I L^ o o 

M 

H, - IHOO ^ 

" m 


RApiA-ToR buftPo^^Toa o-^N 0 eaJ se^ 

=. P,G ^ cjj_ 2 _ F 2 ) 

r\i K- ^ 

= iv+oo ^ Ft-/ 

UJ 

Hy^y =. \ UOO V^J~ \C ^ j ^ ^ 1 ^ ^ 0 t O 5 t S’ 'V^ 



^ H 1 \ 


MRSS of PiP('^J 6. 




^ o| ^ (A^~t^v^ cJ^ p> bp) 
-/ O I, i_j ^ O 


^Yio ^ ^ G o r^:; ^ 

_ n , __ 

. ■= /a s /^ 




✓W- . 


2 -^ 



fMASs OF- oooRiC(voQ Flo iO 


■=^ (cO 

'U'o I VJ A,^c: - O ' o Lf :i 

= |3S6 ^ X 4 C=o 


rvv 


Mass of po^Pi A c OOML^LAToa'j 

/AA OvV-€_c\. ~- 


Hfiss Q F~TPJ\otOsPQ^7 SO STEM 


F-ue^ po rcv F jy 

i C^f^l^resfoE 

F\rop ^ Cooclti/A5-<;'- 

Fh^r { Looply 

Co^N pres S j 

"Rcxcl(c^k:TTr Eao.p 1 

Rcconoo la /v3/ Loo^'5 

PvAonp (^OuF Loo^J 

"Toto4 


3"S*5 Vc^ 

n 


(9 3 Ic 


-^1 


5 

V ^ I icg. 

3 F 


Ic^ 


(bo /c 

a s 




3 


/ 4- O 3 (c 


'J 


F ■2,0 



flPPEMOiX 

DeSiGti^ OF RtFLOx BolLtR 5 


iRn4 - 

Co ad e^sq.'k- 



R I I Lj. TT Q p 0 (- 


roo Uo ^4- 1;^ J a 

U<xJ CU: n>gKU74Kk/ 

gcTfr^ ^ 7 /T- 

-^H -3 r K^Cf,-f^) 

t^ere ^ L J 

^ Cood<?os^vXujv^ hofd- r I / 





oJXj'ck 


— dc/'^ '{..Oj* vji-AwjoI 

\3 \S_r ^ Oo 'V ot-Aj^ <_A-v^o( 

^+3 *^^3 (oo5l..^nlJ}= Uoi^ UiJlr Uo,po 

Scr/'T‘+ -rr'^ ^ r /■ — — 


0-S(J.41xio'9(1uVt,4) 

^ ^|( 0.8)C5.Q)r,^^)CT,,VT,J 

^ W - I ruj)L L(^J) ( UclI-TrJJ 

r^'^'&X10~^)^T'^ Y-"^ I'l"^ ~~® 

L ^ V 'ro4 - Iji/ik / J 

= Sc^K.rchoo ^ 

^^4^- 3o.-f„^ of roJ.cOir . 

L - Uy-v^jfcu. j,/ (^ADOoCoj\Jo3ti, -fUr^ . 


F32_ 



E "Uci € cxjX pooperhJco s^\fvj '^C n.Ko 

C 3 rcc^ccLV> 3 -<- 3 


Ocv^r 


= -lO c 


= 50 °c 


■ K~y- H 

<?(, - /S'*!, 4 43 /^i 

/^t = 5 Cot^ ^ ^ /o“‘° R). s 
^3 = ( 1 ^. 3 )< Jyi^ 

f'-t = 143 X lo'^ W)/° , 
r ^ K 

’ Cs/ - 3 ^.5 ^ \Cg / ^ 

^ ^ I KW 

-e - lo"^ P. .<= 


^ ^ A tr\ ^ r\ 

S -'■^'■is 

4c - l-otH 

^ "° 2 ~'^ ^ P, -lo,.^, 7 '" 

fi - I Ibl.s 

P-t = IIOT^ 

Kt = 43 )( io~^3£j 

be 4 o^ .• 0 

A ,3 r, - = A 


F 33 



Rwd of- 

lo - 

JL. 


U-Sx 


^ G_C| 


1^ I 


U\e 




uo cx.^ 


rcLcLc^^ 


The '^003 f |o<-^ <-oJ:j. of 


COocWnSc^ f-, t 


•m. 




-Jv4ttr 


3(^1 ^f<~fl,)^ifj j 


Jl, 


■''4 


Lia 

at ^ 

a ca.'j 

3.C 2. B 5 
3--^:?, G 

s- 


r 


l-£ nci TrV\ 


F 3^ 


Tor So me t-\ooo X 

X-^e_ So^^^lc:- ^ 4 . 0 ^ i OC<Lvjir-s 

U-e_^^^ ioov^ P <yv 4 -<_«f ODvjS_- 

UdJer IS Qreext-er tt^o^r^ Or 
+-0 (2^ J ooWer^ 

a. ^ A . p L^ r If.. KTo 1 'A 


y 


r^.p-3 
a(y, -, 


' V -■ 

* rcO::^ of Spec:^,, Wjl::Jp 

~'‘o ^CK^=>-K«rx tirvx^ C UC^c-tv-e 

^ o ^ ue \jicL54 of 0 

- -fe-^p c^t* Il'iuici-V'apor loftrfa^ 

U - uoperr cLlJX^ijt:^ , 

5>Ac^ ts^ uapor w &UH, ,a^ ^u^c^ 

I 5 \^A-A — IL ^ p _^j — 

^ ^<i--c^n acco^^^s ^ 'vxoaYcW 

'I" ' o-^scf.p.r 

f- - e. 


^Or\'e, 


^ R 


S'a ^ 


^ is J'or’tVxre^ 


F 3S 



-lO ^'G8r 4^.4 


1 O O 


3 3^-b? /S6.Suo^ ,~ll^ 


lo § • 5 ^ Xio 


^'^4 


S-&.4 




I' 4 13 


CfKsrE X . n _ 

' ^ Aia3.Sxio\2x 

_ Kj 

w. ^ "5 / t . X >1 I / . V 


— 3 3 ' M 4 / 


CA St IT ; 


V- o,s 


' SS-'S- x,o^(lSa•S■^A-^S6;;^^o‘J 

■s /\ A I ^ 




*= 303 ^ 4 , /M VaJ/ 


^ i&3' V^lo'^'X 
— I I 3*5 (H '-O / ^ 

' Aa- , 

’■min /vA- cvr<ecv re c|e[ 5, V 


Kb loc.’«sjaP 


= 4 0 X [ 

33 > '6^ ^/ ^ 


F hi 






^ ^ Si ^ CdH 

WJ *1 - » 


/M. I />J 


t; Qrtcx. must', QfT(L^>JUr 


^por OrelocO:^ h 

o c ^ 0 _ * L^ 0 


b >4 ^ 


C»r-L. ^ ^ U^cW 

^oes nno± reH.r^ 


°v l^jU. 


->Kc.^ '-'c^rr oeJLod_fcj ^ 

^3 ■ Lap. ((•./,-!)]''" 

[ ' " (%)'"( %y^ 


1 + 


^ = 0--?a,|-, F. 


f"a_ = I f 

i^r <s^a^d 4 t_,W-co 

*^' ]° ^ - f — ~\^'^ 

J y O' 07^(0, ) 

/Vv\/ 


F| - r is>,(o ^K)/^, 
^ mT 

/ AA 


<D,S 


o, I C^c. c. 


F 37 


- O . O § ^ 3 

^ = I '43 

~ ^ Ar 


C ro S’S s (£’c:_-|~LO r\ cJ} C\J'^ C^ 

o/~^ So<r\cc 

A" 55 v,>r^^ ., ^O r^.ocl^(c^ 

r r — ^ — 1 

0 . U OV^CtoJU 

j L — - I 

^ O' S *"• > 

~ 0.o3 p I ^ 

, L ^ i-(, ^ y 

(g 

A - 

P\ — 5 

^Tot - ’ ^ . 

■^Tot = O'^si 

Sr^ctucxX - ^ > G 8r ^ ^ _ .Ou 

|os- 415 !ii. V 

- ‘Q833[ 1.435 ;(.ia^-t.i] 


On « p^ 

f^cKc^kr*' (oooi'c 


L'^ l^.J^o..s-] 


F 



^ ^ H )c lo ^ 

b , 

= O, S' A 6 6,ifar y I0~^y 


"m . ^ 0, oas I ) 

p--4r b=.uc (J) 

“ 0*04^*'^/ 

4looJ '• 

<5 o -f 1 ooct I I . ^ I h 


I ^'Vy > ( S 


fODT vec^ cU g-J • 


<4,faa.‘i X / st3. 7\,q-?. - 


= O.a 




= 4,55'. X = 


> MJCV^ 


F 3.4 



TE M?E. A-TO COKjTRji>L A-MA-L.y^\^ 

FdJi'v WrEArr PLfs^xP^rtoM ”sv 3 t®jov 



^t^-'V.JL U_e.ojl' Y €^' «. Cj|^' Ocj^oJoiU <5^ V*«.ciL* cJt\^ 

’fcJV cjCbifeC <^pe.o<xif cA^ ls»ef.crv^ 



Vc^cii*coU\ C-^Cc^V • 

cL< od~lSV lg»^ |?(a-)y^ 

Cc^CjC^ — '3>Zt<5 rvT’ 

1 ^ **^ ViJ'-cL' ^4svv» c: ^ 

,* . (xytc^ 'y^=^cL*'<sjhfV' O • x5“ Vv\ 



ioo^Av, — cfw -=. '7 6( (cCaJ 

^{\^(^jljL o|jjercvh'cM ' kuJ 

\\XSVi (Sf^'XA^h <fiy\ ^ \1_^ IdOJj 

k) i -(- d^YcJi <A/y 

s'v LA.ls^ 4-£AA-|>eTCcfc/Y< JUs^ \A,X^ Cv.'t" 

■ c«J-^ C> |rcv>^ '(■^^'-j?- <^vcv^l^ ^ i' -k Cct 

'{■^-vrcf '(■Lv_t 'V<£»<cL«'o^<ffci\^$. oLc> v^ti4~ OV'C>V'^*«C^ 

V'<xciU'<X!lTV^ WJLtA Wx 

(5wt- U-OqU^I" . 

_Si Koj/tx ^-|t> e^r-<xjl' <Oa 

~TVji si\aI<i Y^'hiy<. (/^yi^ bcfcAT^-ia^ 

5*0 o.Va.J^ 'l-&^.'^ 

1-Vcsw\ Qs^ jpc^vU^ V<i^c5U Csifv^ ^cxveo^ clu:mUM< 

4Vr Lvje.ccl” t-Cjf\SV\ c/v^ f^cJVuv c> i 

SVe]p^ n . 1.5 \v^ 

'\-- e • if- A ) 

«SikI<^ (-C-lA/^-^a€/r£\5fu UC LaJU-a'cXv 

O^VUt, W>'-A^ I (o=vc\, 

I^TTV V'6. CaYC-C*-^ C*. VdCA lcJb'^_5A C-O JLtt.-KykMju^(| . 


Gi "S- 




A - [^^45 - C V\~ 1 

lPs(u^ ^^c^<K‘<sv\ ^ (T> o^ct(2X 

^^-tA.UA43e^K 5^ vc*cti'tKifb v«=» *f& b<. rLfo'iii.n J^ 
c>jp^vtx.-f^A cb'lj^v^L^V 4-fviAiiJb <5^ '(-U_«. S(tA<^ 

hko-C^ ^^h <£V\ CKA^d. 

Uy'^evc cLi.te.'y . 

ru^ yc^uJM^ ^Ux^s. 

2-0^ i/>^'(j^U'V o|^Yc^h'ov\ <g5 ^ 

L -V. A _ _ — - n :j_ 

ii> )-.__ — ni - xo V 

mf- - — - — — 2,0 I --Xl^; I 

y Sv - — •'Xl‘\ ~ 2_Xi\-'^ 

1 ^ - o(=^£vItNv^ \ .S^-X4 ( 

17 - — — - - - 6 

1- - - '2U^2Q- 

J- — — 2_5^*7-Xs9-1 

~~ — 2_‘SS ''2-^^-3 


' _ X^>4'3>- X7X,{ 

~ ~ Xgq.6 

TUtd S»s(y>.c^ cS^r^uh'cn^ — . 2.*i z-7 - 3,0 ^ 


L“l 
1- o 


- - 7>o\ --5,66. 7a 

1>0^ .C, -Zl2-C> 

— ~ 'T.vx — Til 

‘ liU - 

— -:^'L3 


Us.JK-2 \ YVVAol^^Vv Wac^ <fV^ 

Ccxtpc,.lo\ L a Ivj 4-^^ V^X cL' o.'ityii cILfi-l^-tV-UI-A^dL • 

'tW c6vvei<Joowl;L<^ ^ 

{•eAAA|ie'VtX’KlV<- LOcdi 0 :cI(juJLcJ<.cL (^\ 

cfvi 

TsiKt - I t^xto^ilucy +2.1SXK§ atu^ 4 --Mt ‘' 

e-y^cJi'jv^ .'i oLiv'vviJl. "iw^ o^(«/-cL- x: o( 

"tw Qr.4u v«y-^of.-<(iA Vs.&UKc^ 

C s. iW^\A 




r*|*ctwl ( sun angle 

74.058 
74.058 
74.058 
74.058 
74.058 
74.058 
74.058 
74.058 
74.058 
74.058 

101.713 
99.253 
94.020 

101.833 
94.000 
101.231 
98.878 
94.000 

100.714 
94.000 

100.267 
94.620 
94.000 
99.875 

94.000 
99.530 

94.001 
99.223 
94.000 
98.948 
93^72 

~T32.06)5 
129.150 
125.997 
136.345 
125.860 
135.693 
128.511 
126.000 
134.908 
125.914 
134.414 
126.001 
133.762 
131.500 
125.892 
133.411 

125.998 

132.998 
127.894 

125.998 
132.629 
126.140 

74.058 
74.058 
74.058 


hMl rejected ( sun angle 


•180.000 V 

74.058 

150.000 

•170.000 \ 

74.058 

140.000 

•160.000 

74.058 

130.000 i 

•150.000 X 

74.058 

120.000 

•140.000 

74.058 

110.000 X 

•130.000 1 

74.058 

100.000 \ 

•120.000 

74.058 

90.000 

•110.000 > 

101.713 

90.000 

•100.000 >. 

99.253 

80.000 X 

•90.000 

94.020 

70.000 

•90.000 

101.833 

70.000 

•80.000 X 

94.000 

62.000 

•70.000 

101.231 

62.000 

•70.000 

98.878 

60.000 X 

•62.000 

94.000 

57.500 

•62.000 

100.714 

57.500 

•60.000 X 

94.000 

52.500 

•57.500 

100.267 

52.500 

•57.500 

94.620 

50.000 X 

•52.500 

94.000 

49.500 

•52.500 

99.875 

49.500 

•50.000 'll 

94.000 

47.000 

•49.500 

99.530 

47.000 

•49.500 

94.001 

45.000 

•47.000 

99.223 

45.000 

•47.000 

94.000 

43.000 

•45.000 

98.948 

43.000 

•45.000 

93.972 

41.500 

•43.000 

132.067 

41.500 

•43.000 

129.150 

40.000 X 

•41.500 

125.997 

38.500 

•41.500 

136.345 

38.500 

•40.000 X 

125.860 

33.000 

•38.500 

135.693 

33.000 

•38.500 

128.511 

30.000 A 

-33.000 

126.000 

29.000 

•33.000 

134.908 

29.000 

•30.000 X 

125.914 

24.500 


•29.000 
•29.000 
•24.500 
•24.500 
•21.500 
•21.500 
• 20.000 < 
•18.000 
•18.000 
•13.000 
•13.000 
• 10.000 > 
•8.500 
•8.500 
0.000 
180.000 

170.000 X 

160.000 


126.001 

133.762 

131.500 

125.692 

133.411 

125.998 

132.998 
127.894 

125.998 
132.629 


24.500 

21.500 

21.500 

20.000 X 

18.000 
18.000 
13.000 

13.000 

10.000 X 

8.500 
8.500 


Iia«.y 4- 0£^ y CvV-C Cj/y^* cLz^J^ ' 

\ . l^Jt^-t^-A. Lo^<^ (J V«-«UtA.ilA^Ul^ ^ 

cy - I'l- \^oJ 

R-£^<7Licv.f?Sv 6^-t<.o< ^yuv-Ay^<J^ ■=- I Y- KL c^ 

£..r 

_ . T- 

- ^ o wn 

A^Sk C.O- cXa. ^sTfiTy juvtiVV c^-C_^ l’~T' 2-^"'!^ cS^cxVCc^ 

W.D . VCc JL'cx'fiJVbi lAJLJi-icLjuJi^ . 

0\y^JL^ JrO.cLi'Ci.lY'-^ /^W-Sl-Xcl- l^XC_ Cct^:;:£x}ir9Lj^ c^ 

V/ ' cJLt r f<'»v^-xJLcL«'cv.'^ O vcx<^ 

(5> cx/^^^-cA- (.^ ■ "iS 

O^'Yt^ y^cLu^C^'dl^ e.C^.cJi\. ’ytz.-cIL'c^^'TSV 

\Y> CVUL/^ 'Y ^ V- a -pTry 

C u. Vtv-jn \/[y^j>^jc I a^cL 

I ^M.L^Vv-a. [ . 

^luft>ijL (>C 

OJLaj«^ Cs CaJ^oJ^?'^ ^-}=> -y^^^-J-^CJi >^-La_ji_c.vc.c-- 

je-o-cJ^ V'^xxL* . 




Cn 





<rv\ 


I W ' U. W\ ^Vjl. c\."^ t o^cl^ ~ \ ^ 

T^'caIc -:^ S<o 

/V -- I X C !:> 

C f ) CSC7>CtB^3 (3>2S''f_g>^-^ ^ 

h - ^ S~ 

• ■tusTC. v-c cL.' av< o-^^^vccl- 

-HaJL ’{\^JC^ yxx cL'c^'(x>-vC |Drvt>Vlci-R. cav^ cxv-e^A (/ 

^^sryv^'^ . ^ 

. i^vv\ VCcU^c(n*<^ t S 

■HA-e. y-c^(LicK.{^ . 

YUa OCOo^ LA^JU^^ Ca^ca-^-CoccI 

+UcAt CLV^ ^ Jc^f 

s vw ^ A^ Y<AcL<'CAf/fUN^ (jj[ ll ' 

yoJi' V/lAA^-^iY t>C oJU'^ *sfY> 

j^>t>v/Xe- 0./VA a-viLcA. ojLogv^ 

, <- ^ C_i^ V^Aci^'cof^'V' lA-AA-^-f- 

4l!i ^C-JLoaca. ,* K a'Xc^ 3>^ '-s"^ 

3 

U • S"VM^ 






cALCoi-/VTic>K)i 
Kfi^/a^T P^Q :rc^ C"nC)<^ ^YlT&M 



ov Cav«-/^<riAJUA^4ii 4-l>'^ -l-Lui 

Y-C^'^CL-i^' cv^ CA.y-^ 

I X T^~o c*j(tSV*^ 

M J-i'c l^^Cc^S - VcA-clLvKi^^ «^v<c^ 

o.,ve.^ -. 1-^-) Cl>h^) ^ nxi'V<^g. 

“T-- Pvy>'v\xi.^ 

A^ ^^e>u:i w 0-|i]pKji''-cl-».' X ^ 

Slp^ci d^.^vjp'VL^ ^ *4'7\c^y^ 

Ua-qU^ 4 |a;[= \ lA-^ — "^Ci 'AA.c.^e'^ 

3^- U/cj/L;u^ ck , 

\\^ 1^/ (^ - 

V/dWw^ l/<5Ll^^A^^ 

UJ<jUbb 



= ■(- jec^cw') 

-z. • c>l- V -V • o 6 ^ 

'T 1 V'^coy'^ c^ Lo (SX'ic- i 

- (1U5o^ C* -+ * 

— _ Vli fc> 

/ . -A-oU. \ / wv.o-sy^ ^ V ^ 

>^''l^oe_ ja 'Y'^ J^ ^'VUuv 

V S» l^ou . ' 


Ch ID 





